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Abstract

The application of glow discharge-mass spectrometry (GD-MS),
inductively coupled plasma-mass spectrometry (ICP-MS) and laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) to the analysis of
aluminum alloys is presented. The spectral characteristics of these three
techniques are compared and contrasted. Both GD-MS and LA-ICP-MS are
direct solid sampling methods, while ICP-MS as used in this work is based on a
solution aspirated method. For the most part, GD mass spectra are simpler than
ICP mass spectra in that species originating from the components of air, water
and solution solutes are essentially absent in GD mass spectra. However, GD
spectra show the presence of multiply-charged argon species, and matrix and
analyte based argide species are more prevalent than oxide species, the opposite
being the case with solution based ICP. The spectral complexity of LA-ICP-MS
spectra seem to be on a par with GD-MS spectra, and tend to be much simpler
than solvent-based ICP-MS, since almost no metal mono-oxides are observed

from spectra for this dry plasma.

For these techniques, potential spectral interferences are evaluated and
matrix effects are illustrated. For solution based ICP-MS analyses, it is shown
that matrix effects can be minimized by adjustment of the nebuiizer gas flow rate
and by the use of an internal standard which is easy to add to the dissolved
samples. For GD-MS based analyses, a matrix effect exists between low and
high alloy aluminum samples and it is shown that the signal from aluminum
argide can be used as an internal standard to minimize this matrix effect. The

techniques of ICP-MS and GD-MS were applied to the analysis of a range of



Alcan and Alcoa aluminum standards and the technique of LA-ICP-MS was
applied to the analysis of metallic bulk samples including Alcoa aluminum and
NIST steels. Several non-conducting solids such as macor, glaze and porcelain

samples were also ablated and analyzed qualitatively with LA-ICP-MS.

A computer program, Alcan DataBase, has been developed for
management and display of ICP-MS and GD-MS spectral data. Alcan DataBase
is a graphically-oriented database which provides the ability 1o compare and
contrast the different spectral characteristics of ICP-MS and GD-MS, and also has

the capability to assist in the qualitative analysis of unknown aluminum

samples.
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Chapter1

Introduction

The inductively coupled plasma (ICP) has developed into a dominant
source for elemental ¢ nalysis. While the ICP primarily has been developed and
applied as an atomic emission source, during the last decade it also has been
widely applied to elemental analysis as an ion source for mass spectrometry.
The powerful technique that emerged was inductively coupled plasma-mass
spectrometry (ICP-MS), which matured from laboratory experimentation to
commercial development and widespread analytical application. A great
number of reviews [1-4] and research papers [5-15] for ICP-MS were published
in the recent 10-year period. The rapid development of ICP-MS is the result of
three unique measurement capabilities for elemental analysis. First of all, the
technique offers very low detection limits. The detection limits for the direct
analysis of solution samples are in the range of 1 to 100 pg/mL for most
elements. The detection limits are broadly achieved for almost all elements
across the periodic table and they are 100 to 1000 times superior to those
obtained by atomic emission and atomic fluorescence spectroscopy. Secondly,
the mass spectra of the elements are very simple and unique. The natural
isotope abundance spectral pattern provides quick and essentially immutable
evidence for the qualitative identification of an element. This has facilitated the
development of ICP-MS as a powerful technique for automated qualitative and

semi-quantitative elemental analysis. Finally, inherent in the technique is the



ability to measure elemental isotope ratios [16-18], thus allowing the routine
utilization of isotope ratio data and the isotope dilution technique to study and
solve analytical problems [19, 20). A schematic diagram of the Perkin-
Elmer/Sciex Elan 250/500 ICP-MS system is presented in Figure 1.1.

The success and rapid development of ICP-MS have now lent
considerable credibility to the utilization of MS for routine elemental analysis.
However, ICP-MS is primarily a solution based technique. This has paved the
way for the development and assessment of additional ion sources or different
sampling methods for elemental analysis that would either complement or
improve on the ICP. In particular, there is a need for techniques that can be
directly applied to solid materials as many samples are natural solids which
include bulk metal, alloy, geological, environmental and semi-conducting
samples. Aluminum alloys are some of the most challenging samples for
alternative solutiori-based methods because of difficulties in dissolution and the
presence of refractory species. Thus, the direct analysis of aluminum alloys is an
interesting topic for analytical chemists and some new analytical methods have
been developed in recent years with respect to the analyses of solid aluminum-
based alloys [21-26]. Two basic approaches may be considered for the direct
solid analysis. One is the use of a source other than an ICP that is directly
applicable to solid samples. This source can be a glow discharge device or an
electrothermal vaporization (ETV) device.  Thus, glow discharge-mass
spectrometry (GD-MS) has been developed in recent years to meet the need of
direct solid analysis [25-29]. The other is the use of sample introduction systems
for the ICP that can directly handle solids. Solid samples can be ablated by a
laser beam and then directly introduced into the ICP. Samples can also be held

in an electrode and directly inserted into an ICP. Thus, laser ablation ICP-MS



waysAs SIN-DI 00S/0SZ NVTH XAIDS/32WIF-unyag ay jo wesSerp opewayds 11 amSBiy

30103'143Q ¥0L1DA130

_

N
\
N

| |

Y -

/////////” -

N

f//_////////{_/

mzw.. maoz SA0¥ 7 4o1s  xOE SNIT 1 JOLS YATANYS HOWOL
LIX3 SNA'T X3 sqgoy AYINA NOLOMJ 'TISSAS TAZNIZ NOLOHA HAWWINS 401
'13IHS JYOILATYNY



[30-38] and direct sample insertion ICP-MS [39-42] have become powerful
techniques to deal with the solid samples.

Direct solid sampling is an attractive method for sample introduction into
atomic emission and mass spectrometry systems since it can avoid the time-
consuming sample dissolution, digestion and preparation procedures usually
required for the more common solution based sample introduction techniques.
The direct analysis of solids can be carried out without the use of chemical
reagents and without the processes of separation and pre-concentration which
could introduce contamination or cause losses of the analyte. Solid sampling
techniques have additional advantages when the sample is difficult or
hazardous to digest. For instance, witiv high-purity aluminum or aluminum
alloys, certair. compounds of refractory carbides and oxides, silicate minerals
and others do not readily digest, dissolve or remain in solution. Dissolution alsc
dilutes the c.ten already low concentrations of the sought-for-elements, lowering
the power of detection. Also solution nebulization delivers only a small
percentage of the sample into the plasma whereas direct solid injection sends

most of the sample into the excitation or ionization source.
1.1  Glow Discharge Mass Spectrometry

Among known techniques of direct solid sampling, glow discharge mass
spectrometry (GD-MS) provides considerable versatility in meeting elemental
analysis needs. Its primary application has arisen in bulk solids analysis where
the strong analytical advantages of the technique can be most directly and easily
utilized. Studies so far with GD-MS show the following useful features: (1) one

of the most important advantages is the direct analysis of metals and alloys with



little or no sample pre-treatment; (2) the analysis of nonconductors can be
accomplished by compacting with a graphite or metal matrix; (3) the mass
spectrum is responsive to hoth metallic and nonmetallic elements; (4) minimal
matrix effects have been observed; (5) low parts-per-billion dctection limits are
attainable; (6) sensitivities are generally uniform for most elements; (7) isotopic
information can be obtained; (8) spectra are much simpler than optical emission
spectra; (9) the glow discharge is a stable, low-power discharge with an inert
‘discharge environment; (10) the operation of GD-MS is quite economical with
low gas and sample consumption rate; (11) and finally, rapid qualitative and
quantitative analyses can be performed. The limitations of the method appear to
be: (1) applicable primarily to solids (solutions require an intermediate
evaporation step); (2) spectral interferences from the discharge gas and other
background gases; (3) polyatomic interferences from sputtered matrix atoms in
combination with other plasma species; and (4) increased cost and complexity as

compared with emission techniques (i.e. a mass spectrometer).

The application of GD-MS to the analysis of various materials including
bulk metals and compact powders has been studied in recent years. The
analysis of metals and alloys has been the most frequent use to date of GD-MS.
A typical bulk analysis application is the qualitative and quantitative analysis of
steels, copper or brass [29, 43-44]. Relative sensitivity factors (RSFs) for the
analysis of 56 elements by GD-MS have been determined from the multiple
analyses of 30 standard reference materials representing six different matrix
elements (i.e. Al, Ti, Fe, Ni, Cu and Pt alloys) [22]. The values of RSF for most
elements were in the range of 0.3-6, which contradicts somewhat the common
claim of uniform element sensitivity [27], but it was confirmed that the RSF

values were independent of matrix [27]. GD-MS has also been used for the



routine quality control of high-purity aluminum [23] and has been compared
with SIMS for the determination of U and Th in aluminum alloys [26]. In
addition, a typical analysis of a pure semiconductor, indium, illustrated the
sensitivity and element coverage of the technique [45]. Analysis of tellurium
was faster by GD-MS than by spark source mass spectrometry (SSMS) [46], but
sample preparation was more difficult and detection limits were better by SSMS.
It was difficult to find an internal standard in both techniques but an isotope
from matrix could be used in GD-MS.

The analysis of insulating materials such as glass and ceramics poses
problems for GD-MS because of their inherent insulating properties. The use of
a radio frequency generated plasma discharge has been shown to sputter
insulators [47-49]. Besides the rf glow discharge, methods for insulators involve
converting the insulator or non-conducting material into a conducting form. The
mixing of an oxide powder with a copper host matrix (1:9) allows pressing of a
disk sample for glow discharge sputtering [50]. This may be accomplished in
the case of insulating powders, which can be mixed with a carefully chosen high
purity metal binder [51, 52]. Several conducting matrices including graphite,
copper, silver, iron, aluminum and tantalum have been studied as matrices for
the analysis of non-conducting materials using pressed disks in GD-MS [53].
Plasma modification studies have been carried out using getter reagents as
sample matrices in analyzing lanthanum oxide with GD-MS [54]. Solid
insulators such as glass samples, however, require some other means of analysis.
Secondary cathode GD-MS [55] has been used to promote sputtering of glass
samples in a dc. glow discharge cell. Atomization of the glass sample is a result
of redeposition of atoms from the metal cathode, creating a thin conducting film

on the glass surface.



A important factor that can influence plasma chemistry is residual water
in the glow discharge. Analysis of bulk metals has shown that water suppresses
both sputtering yield and the ionization of the analyte in the glow discharge [56].
However, the population of elemental ions in a glow discharge is inversely
proportional to the metal oxide bond strength. The formation of metal oxides in
a glow discharge is usually a consequence of water impurities in the GD system,
especially for compacted powder samples. The elements with higher M-O bond
strength such as rare earth elements more readily form metal oxides. In the
analysis of refractory elements such as Ti, Zr, Nb and the rare earths, metal
mono-oxide ions (MO*) may daminate the mass spectra. Plasma modifiers such
as Ti, Ta and W can be used as sample matrices in analyzing oxide samples [52].
The host matrix not only provides the conducting medium, but also can remove
the interferences from water vapor because of their higher affinity toward
oxygen. Furthermore, the sputtering yield of these modifiers in glow discharge
is not very low so that the matrix has a considerable population remaining in the

gas phase.

1.2  Laser Ablation Inductively Coupled Plasma Mass Spectrometry

The first demonstration of the use of lasers in spectrochemical analysis
took place in 1962 when a ruby laser was used for laser ablation of solid
material, i.e., the laser radiation was focused onto the material which resulted in
evaporation and atomization of material, with subsequent detection of the atoms

by emission spectrometry.



Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) [30-38] and laser ablation glow discharge mass spectrometry (LA-GD-MS)
[25] are alternative methods of introducing solids into the plasma. The ability to
directly analyze solid materials is a major asset of laser ablation, and this ability
complements the solution sample-handling capability of the ICP. As the solid is
not dissolved, little or no sample preparation is necessary and the solid is not
diluted. Moreover, as no acid or solvent is used, the polyatomic interferences
are less problematic and contamination effects are unlikely. The strength of LA-
ICP-MS for the fast semiquantitative survey analysis of solids and pressed
powders has been demonstrated [32]. Major and trace elements up to the ppm
level can be determined in this way. Sample preparation and any knowledge
about the composition is not necessary. Non conducting solids such as oxides,
and geological refractory materials can be analyzed by laser ablation. Trace
impurities in uranium oxide (U;Og) have been determined using LA-ICP-MS
[33]). Zircon samples containing Hf, Y, Re, Th and U have been analyzed by both
laser ablation and solution ICP-MS [34]. A novel surface analytical technique,
resonant laser ablation (RLA), has been used to detect small quantities of
aluminum in NIST SRM steel samples [35]. It was estimated that detection levels

down to a few ppm were achievable by RLA-ICP-MS for aluminum in steel

samples.
1.3  Thesis Outline

The first step in this thesis work was to characterize the parameter
behavior of the glow discharge device (GDD) and the SCIEX ELAN mass
spectrometer. These studies are presented in Chapter 2. From this work, we

understand what is required to reach the desired operating conditions and know



the effect on signal intensities of the parameters including: power supply
voltage, gas pressure, depth of sampling for a pin-type GDD, voltage bias of

anode and shadow stop on the interface, and the ion lens settings in the mass

spectrometer.

Bulk metal samples such as aluminum alloys were analyzed by using
both ICP-MS and GD-MS, and both methods are described in Chapter 3 and ¢4,
respectively. Both low and high alloy aluminum standards in the form of pins
were directly analyzed with GD-MS, whereas only low alloy samples were
determined by using ICP-MS after they were dissolved as 0.01% solutions.
Qualitative spectral scans aid in identifying potential spectral interferences for
both techniques. Instrument stability and matrix effects were addressed and the
selection of an internal standard was discussed. It is quite easy to add an
internal standard in ICP-MS, whereas a matrix species has to be chosen as an

internal standard for GD-MS.

Comparison of the spectral characteristics of ICP-MS and GD-MS with
respect to the analysis of low alloy aluminum samples is addressed in Chapter 5.
An investigation was carried out comparing and contrasting both background
and the analytical spectral features of ICP-MS and GD-MS. The results include
the more intense background species originating from solvent and air in ICP-MS,
and argides, dimers of argon, and multiply charged argon ions species in GD-

MS.

Computers have become an essential part of spectrochemical research for
both data acquisition and data processing. An effective computerized data base

can be considered as one of the most useful tools for the management of
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analytical results and analytical information [57]). A computer program, Alcan
DataBase, for Microsoft Windows (IBM-PC) has been developed and is
presented in Chapter 6. Alcan DataBase is a graphically-oriented database for
the analysis of aluminum alloy samples with both ICP-MS and GD-MS. Five
low alloy ailuminum samples from Alcan used as standards were determined by
ICP-MS and GD-MS, and the spectral data for these standards were acquired
and then installed in this program. Alcan DataBase not only provides the ability
to compare and contrast the different spectral characteristics between ICP-MS
and GD-MS, but also can be used to support qualitative analysis for different

aluminum samples.

In Chapter 7 and 8, an external chamber laser ablation ICP-MS technique
is addressed. Both conducting and non-conducting bulk samples were ablated
with a Nd:YAG laser and analytes were determined using ICP-MS. Qualitative
spectral scans aid in identifying potential spectral interferences for the mass
spectrum. Simultaneously multielement analyses of disk form samples of
aluminum and stainless steels are presented with a particular emphasis placed
on the utility of the minor isotope of iron (m/z 57) as an internal standard. Only
qualitative analysis was carried out for non-conducting material such as macor,

porcelain and glaze samples.

Thus, three general methods for both qualitative and quantitative
analyses of aluminum alloy samples are addressed in this thesis. ICP-MS is a
solution based method so that dissolution of samples and preparation of
standard solutions is necessary. The directly solid sampling methods such as
GD-MS and LA-ICP-MS seem more convenient than the solution based method.

However, GD-MS analyses have time-consuming steps involving sample form
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fabrication and pre-sputtering. Therefore, LA-ICP-MS is the simplest, most
rapid and most effective method for the elemental analysis of solid samples with
minimal matrix effects and memory effects. On the other hand, a laser is an
expensive instrument, while a glow discharge device is more economic. Because
of different sampling methods, the spectral characteristics and complexity for
these three methods could be quite different. The background interferences
should be much simpler in a dry plasma utilized in GD-MS and LA-ICP-MS. In
this thesis, the three methodologies are compared and contrasted. For the most
part, the important areas to address during the development of quantitative
analytical method are similar for these techniques. They include qualitative and
quantitative analyses, assessment of spectral overlaps, assessment of matrix
effects, instrumental settings, and choice of an internal standard. However,
details of each step for the three methods do differ, and in particular, spectral
characteristics, matrix effects, and internal standardization have considerations

unique to each technique.
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Chapter 2

Effect of Operating Parameters on Analyte Signals in Glow
Discharge Mass Spectrometry

2.1 Introduction

2.1.1 The glow discharge

The glow discharge is one of the oldest spectroscopic sources. It was first
introduced as an optical emission source by Paschen [1] and Schuler [2] over 70
years ago, and it was studied as an early ion source by Thomson, Bainbridge,
and Aston [3] in the 1930s, who used glow discharges as ready sources of ions to
study and develop the earliest form of mass spectrometry. However, th= signals
from these high voltage early devices were rather unstable. The giow discharge
sources available today are more compact and operate at considerably lower
voltages and currents than earlier devices and stability and reproducibility are
considered strengths compared with other sources. Hence, the glow discharge is
a simple and reliable method of producing atoms, ions and photons
characteristic of an analytical sample. Reconsideration of the glow discharge as
an analytical ion source was primarily due to the studies of Coburn and co-

workers [4-7] in the 1970s. Their work provided the incentive for the analytical
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development of glow discharge mass spectrometry (GD-MS) [8-12], and eventual

commercialization.

In general, the glow discharge is a simple two-electrode device, filled
with a rare gas to about 0.1-10.0 torr. A few hundred volts applied across the
electrodes causes breakdown of gas and formation of the ions, electrons and
other species that make the glow discharge useful in analytical chemistry.
Figure 2.1 is a simplified schematic diagram that shows the basic components
and discharge regions. A solid sample to be analyzed serves as the cathode;

while the anode material is not particularly critical.

Only two plasma zones need concern us here: the cathode dark space and
the negative glow. The cathode dark space is a thin layer that shows relatively
little light emission from electron atom collision. By contrast, the negative glow
is a region of bright emission arising from excitation of atoms and ions. The
negative glow region extends diffusely away from the cathode and, in the case of
small analytical sources, tends to fill much of the remaining discharge volume.
Nearly all of the discharge voltage is dropped across the cathode dark space,

leaving the negative glow as ar: essentially field-free region.

The glow discharge can be considered a two-step system involving
atomization by sputtering and then ionization/excitation. The sample usually
serves as the cathode in a low pressure argon discharge, where positive argon
ions are accelerated to the cathode, removing surface atoms of the sample by
sputtering. Therefore, the glow discharge can be considered as an atom
generator that produces a steady-state atomic density, with atoms being lost

continually by diffusion to the source walls but replaced by the constant-rate of
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sputtering. As the atoms diffuse into the adjacent negative glow, they undergo
collisions with many different types of species in the plasma. Impact by
electrons, ions and metastable atoms can cause excitation of sputtered atoms,
giving rise to optical emission. Sufficient energy to remove an electron

completely from the atom creates the ion that forms the basis of GD-MS.

The glow discharge is a versatile source that lends itself to a wide range of
analytical measurements [13]. The representative atoms, ions and photons in the
plasma produce several analytical options. Atomic absorption (AA) can be
carried out directly on the sputtered atoms [14-16]; atomic fluorescence (AF) by
exciting atoms with an external energy source[17-20]; atomic emission (AE) from
the internal plasma excitation [21-24]; and mass spectrometry (MS) based on
generalized elemental ionization that occurs in the plasma [25-29]. Both atomic
emission spectrometry (GD-AES) [21-24] and GD-MS [25-29] are excellent
methods for direct solids elemental analysis. Especially, the ability of GD-MS to
obtain rapidly and effectively a qualitative and quantitative isotopic survey of
essentially all the elements in the Periodic Table has obvious analytical appeal

[25].
2.1.2 Glow discharge as an ion source

As mentioned earlier, two steps are operative in the glow discharge,
sputtering and ionization/excitation. Sputtering is removal of atcms {rom the
cathode by bombardment with fast argon neutrals and ions. After sputtering,
the atoms diffuse into the negative glow zone which contains energetic electrons,
ions and metastable atoms. Generally, two major ionization steps occur in this

zone; electron impact and Penning (metastable impact) ionization:
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M + ¢° ==t M+ 4 2¢- (1)
M + Ar® el M+ 4+ Ar + € (2)

where Ar’ represents a metastable argon atom.

Electron densities of 10'¢ cm-3 have been reported in glow discharges [30-
31). Three different groups of electrons may be present in the negative glow
[32]: fast electrons (energies >25 eV), secondary electrons (energies of ~7 eV,
* which derive from the direct ionization process), and ultimate electrons (those
electrons which have been fully thermalized in the plasma). The large
population of secondary-type electrons in the negative glow is sufficiently
energetic to cause efficient excitation of the discharge gas, but has energies
below the optimum cross section for efficient impact ionization. Between 0.01-
0.1% of the sputtered neutral population may be expected to be ionized by
electron impact [process (1)] in a conventional planar-diode dc glow discharge
source. However, ionization of a ground state atom or molecule may occur by a
collision with an excited atom whose total energy is equal to or greater than the
first ionization potential of the neutral species. Penning jonization [process (2)]
can be identified as the dominant ionization process in a glow discharge
although the electron population is generally several orders of magnitude
greater than the metastable population. Argon has metastable energy states at
11.55 and 11.72 eV, values exceeding nearly all of the elemental first-ionization
potentials [30]. Besides electron impact and Penning ionization, other routes
such as charge transfer process [see process (3)] might also contribute to the

ionization of sputtered neutral species [30].

M+ Art === M+ + Ar 3)
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The analytical sample ions are then extracted from the glow discharge ion
source for subsequent separation in a mass spectrometer according to their mass-

to-charge ratio, m/z, allowing qualitative and quantitative analysis.
2.1.3 Glow discharge mass spectrometry instrumentation

Targeted directly at the elemental analysis market, a commercial GD-MS
instrument named VG9000 from VG Isotopes Limited/Fisons (Cheshire, UK)
first appeared in 1983. It is a very capable instrument with high resolution and
is based on a double-focusing sector system. However, it is considerably more
expensive than quadrupole-based inductively coupled plasma mass
spectrometry (ICP-MS) instrumentation, thus limiting its widespread
application. On the other hand, the success of quadrupole-based ICP-MS
instrumentation has led to considerable interest in quadrupole GD-MS systems.
In fact it is possible to construct GD jon sources that can be interfaced to the
same spectrometers that are currently used for ICP-MS [29]. A glow discharge
device (GDD) has been designed that can be bolted directly onto the front plate
of a commercial ICP quadrupole-based mass spectrometer (Perkin-Elmer/SCIEX
ELAN 250/500 ICP-MS system) to replace the ICP torch (see Figures 2.2 and 2.3)
[29].

The glow discharge ion source provides a flowing gas load to the mass
spectrometer. The interface between the GDD and the mass spectrometer is of
critical importance because it has to be capable of sampling the plasma from a 1-
5 torr source and then introduce the ions into a lower pressure analyzer chamber
where approximate 106-107 torr is maintained under gas flow conditions.

Fortunately, the gas flow rates can be quite low, typically a few cubic



Sampling Plate
Argon

Gh
“ e
v e e
e

..‘,....‘

Sleeve
O-Ring
Insulator

Figure 2.2

: _Vacuum Gaug

77777777 77777777777 222 //‘

=

................

Insulator Cathode

SR
2N
N

N

.........................

Anode

©O

---------
ooooooooo
ooooooooo

---------------
---------------

...............

N

—
Cooling
Water

.............. SHEEEHEIEIEEEEERN
X D [(FAVXERN] \x
N

..........
oooooooooo
ooooooooo

------------------

f

Insulator

Sample Cooling Water

Schematic diagram of a pin-type sample glow discharge ion source

21



Shadow Stop
Skimmer

Argon
Einzel Lens MAM“
Cathode
1000 V
il
Mechanical
Pump

Figure 2.3 Schematic diagram of a pin-type glow discharge device attached to an
"ICP"-MS system and the interface voltage biasing arrangement

22



23

centimeters per minute. In ICP-MS, the interface consists of two cones, a
sampler and a skimmer, having orifices typically in the range of 0.9-1.4 mm.
However, in GD-MS, the sampling cone is replaced by a sampling plate (1 mm
orifice) which functions as the anode of the GDD and is electrically insulated
from the front plate of the mass spectrometer. A skimmer (0.89 mm orifice) is
still used to sample a central portion of the beam, allowing a fraction of the
sample and discharge gas species to pass into the lower pressure analyzer
chamber. The region between sampling plate and the skimmer can be pumped
mechanically to approximate 0.1-0.2 torr, compared ‘o the pressure between the
sampler and skimmer in ICP-MS where the presst . is about 1 torr. The region
behind the skimmer, where the plwoton stop ion lenses, quadrupole and detector
are located, is cryo-pumped to a running pressure of approximately 10€-107 torr
in GD-MS while in ICP-MS the operating pressure in this region is as high as 10-5

torr.

The ions sampled from the GD source undergo a rather convoluted path
in reaching the ion detector. Due to the photon noise from the GD emission,
photon stops are included in the ion optics. In the SCIEX ELAN, there are two
photon stops. The first one is located just downstream from the skimmer and
shadows the second photon stop which is located inside the Bessel box. With a
slight negative bias voltage setting, the first photon stop or so called shadow
stop protects the second photon stop from being bombarded with too many ions
which has a deleterious effect on the stability of the voltage of the second photon
stop. In order for ions to reach the quadrupole mass analyzer, they must be
traveling at an angle in order to avoid the first photon stop. Ion transfer optics

(e.g. Einzel lens) are to enhance ion throughput and the voltages on each lens
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element have to be set so that the ions pass through the Einzel lens into and

through the Bessel box.

The Bessel box has been employed as a first stage for quadrupole based
instruments. It functions as an energy pass filter which selects an energy
window for transmission to the quadrupole for isotopic resolution. Ions of the
selected energy are passed through the box while those of higher energies and
lower energies are rejected. The second photon stop located in the center of the
Bessel box prevents most of the neutral atoms and glow discharge photons from

reaching the quadrupole and detector, thus reducing background noise.

Ton separation in GD-MS is also achieved using a quadrupole mass filter.
The quadrupole is chosen for its simplicity, economy, with low sampling
voltages and high ion transmission particularly in the low mass region. Ions are
extracted from the quadrupole field through a circular aperture and detected by
a continuous dynode channel electron multiplier, operated in a pulse counting
mode. The detector is mounted off axis from the quadrupole, as a further aid, to
reduce noise from the light emitted by the ion source. The SCIEX ELAN 250 is
also designed to go into a shutdown mode to protect the detector if the ion signal

becomes too intense.
2.1.4 Operating parameters of glow discharge mass spectrometry

Glow discharge mass spectrometry (GD-MS) is a good technique for the
trace elemental analysis of conductive solid samples. In order to use any
technique efficiently and to take full advantage of its capability, it is necessary to

know the effect of instrument operating parameters on analytical signals. The
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instrumentation involved in GD-MS is quite complicated and a great number of
variables affect the analytical signal. The key parameters include the voltage
setting of the dc power supply, the operating source pressure, and the sampling
depth for a pin-type glow discharge device (GDD). The GD current is, in turn,
affected by all these operating parameters.

Glow discharges require rather low power (current X voltage) to produce
jons from solid samples. Generally, the power dissipation is of the order of 10
watts or less. The actual required voltages and currents are significantly affected
by the operating source pressure. The voltage required to initiate and maintain
the discharge varies inversely with pressure. At pressures below ~5 torr,
discharge voltages may be in the 1000-2000 V range. A hollow cathode
discharge, on the other hand, may require only ~300 volts at 1 torr pressure.
Electrode geometry and choice of fill gas will also affect power needs. Argon
gas is most often selected as the fill gas due to its low cost and good sputtering
efficiency. A general purpose power supply for glow discharges should provide
1000-2000 V at currents of 10-50 mA, although *his would not necessarily suffice
for all glow discharge applications. One might also have use of a high voltage
low current unit (3000-4000 V, 10 mA) and a low voltage, high current supply
(500 V, 200 mA) in some applications [30].

The second and the third key set of variables in GD-MS, in addition to the
GD parameters, are the settings of the mass spectrometer input ion-optic
voltages, as well as the interface voltage biasing arrangement including the
shadow stop bias and the anode bias. The effect of these operating parameters
on analyte signals have already been studied for a quadrupole-based ICP mass
spectrometer [31, 33-35]. The dependence of ion signals on input jon-optic
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voltages [31, 35] and a computer simulation of the voltage settings on the input
ion-lens has also been presented for ICP-MS [36]. However, the shadow stop
bias voltage has not been altered in ICP-MS studies, where the shadow stop is
usually at ground potential. In GD-MS, however, intense and reliable positive
ion signals are obtained when the anode is bias slightly positive with respect to
ground and when the shadow stop of the mass spectrometer is bias slightly
negative with respect to ground [29].

The size of the orifice in the sampling cone of the interface in an ICP-mass
spectrometer has a major impact on signal characteristics. In particular, for
oxide forming elements, the MO*/M* ratio is very dependent on orifice size.
However, the effect of the orifice size of the skimmer is not as dramatic as the
effect of the sampler orifice size [37]. In a glow discharge, the sampling cone is
replaced by a sampling plate, which is not the region where oxide formation
occurs in GD-MS. Thus, the effect of the orifice size of the skimmer on the

signal is not critical for GD-MS.
2.2  Experimental

A pin-type glow discharge ion source designed by Shao and Horlick [29]
was directly bolted onto the front plate of an ICP mass spectrometer
(SCIEX/Perkin-Elmer Elan, Model 250) in place of the normal sampler (see
Figure 2.2). The GD source was electrically insulated from the interface plate of
the mass spectrometer by using a Teflon ring. This allows biasing of the anode
at a potential above ground. The GD cavity was 10 mm in length. The sample
used as the cathode in the GD cavity was machined in the form of a metallic pin,

3 mm in diameter and about 15 mm in length. The sample pin was inserted into
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the GD cavity about 1 to 3 mm. A schematic diagram of the glow discharge
device attached to the "ICP"-MS system is shown in Figure 2.3.

The argon gas introduced into the GD device was controlled by an
SS22RS4 valve (Whitey Co., Ohio, USA). The pressure in the GD cavity was
measured by a vacuum gauge which was an MKS Baratron Model 122A.

The power supply for this GD device wac a BHK model 2000-0.1 M
voltage supply (Kepco Inc., Flushing, N.Y.). It has a full scale rating of 2000 V at
100 mA.

Standard aluminum samples from the Aluminum Company of America
(Alcoa) were chosen for this work. Both the effects of DC power supply voltage
and argon fill gas pressure on analyte signals were studied. The experiments
first involved variation of the discharge voltage from 600 to 1200 volts when the
argon pressure was kept at a constant value of 2.50 torr. And then, the argon
pressure was changed from 1.5 to 3.0 torr while the discharge voltage was fixed
at 1000 volts. Signal intensities for 24Mg*, 48Ti+, 55Mn*, 58Ni+, 6Cu*, 64Zn* and
27 AI40Ar+ were acquired in order to assess the optimized operating conditions.
Investigation of the aluminum argide (¥ Al%0Ar+) signal was also carried out

since it might function as an internal standard in quantitative analysis.

Establishment of the interface voltage biasing arrangement is also critical
for the operation of this GD-MS system (see Figure 2.3). Intense and reliable ion
signals can be obtained only when the anode is biased slightly positive with
respect to ground (7 V in Figure 2.3) and when the shadow stop of the ELAN
mass spectrometer is biased slightly negative (-13 V in Figure 2.3) with respect to
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ground [29]. The skimmer and the complete interface mounting plate are at
ground potential. The first photon stop (shadow stop) is a normal interface
component of the ELAN input ion optics [36]. It serves to "shadow" the photon
stop in the center of the bessel box and is usually grounded when the system is
used with an ICP source. The dependence of the ion signal on both shadow stop
and GD anode bias potentials was investigated. The signals were acquired for
24Mg+, 48Ti, 55Mn+, 58N+, 63Cu*, 64Zn*+ and 27A19Ar* from an aluminum alloy
pin. In this experiment the ion source was operated by varying either the
shadow stop bias from 0 to -20 V or the anode bias from 0 to 20 V so that the

maximum jon signal intensity could be obtained.

The effect of ion lens voltages on analyte signal were also studied. The
change in analyte signal upon changing the voltage for each of the four
accessible jon lens voltages was measured for a set of eight elements in one of
aluminum standards covering a range of atomic masses. The results show that a

compromise selection of the lens voltage settings to cover a large mass range is

necessary.
2.3  Results and Discussion
2.3.1 Effect of glow discharge parameters

Glow discharge parameters mainly include the dc power supply
voltage and the discharge gas pressure. The effect of dc power supply voltage
on the analyte ion signals of 24Mg*, #Ti+, 55Mn*, 58Nj+, 63Cu*, 64Zn* and
AM0Ar+ is illustrated in Figure 2.4. Other glow discharge conditions were
fixed at 2.50 torr of argon pressure and 8 mm sampling depth for the pin-type
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GD device. All of the elements exhibit similar behavior when increasing the
voltage from 600 to 1200 volts. The signals of the analytes rise slowly with an
increase of the voltage between the anode and cathode of GD device from 600 to
800 volts. At 800 volts, signal intensities increase sharply. At voltages above
1000 volts, the signals have all plateaued.

The effect of argon pressure on the ion signals of the analytes was also
studied. Plots of ion signal intensity versus argon pressure are shown in Figure
2.5. The discharge voltage was kept at a constant value of 1000 volts. The
24Mg*, 48Ti+, 55Mn+, 58Ni+, 63Cu*, 64Zn* and ?7Al4%0Ar+ signals increase as the
argon pressure is increased until a particular value (about 2.5 torr) is reached,

and then the signals start to slowly decrease. All of the above elements show the

same behavior.

The sampling depth for a pin-type glow discharge also affects the
intensity of the analytical signal in GD-MS. The sampling depth refers to the
distance from the sampling plate to the end of sample pin (the cathode), while
the sample insertion length measures the length of the sample pin which is
inserted into the GD cavity. Thus the length of the GD cavity (10 mm) is equal to
the sampling depth plus the insertion length. Normally, the shorter the
sampling depth, the stronger the signal intensity. In other words, the longer the
insertion length, the stronger the signal intensity. For aluminum samples,
however, the insertion length cannot be too long. Otherwise, the shape of the
glow is distorted, and an unstable glow is obtained. Usually, the limit of the

insertion length is about 3 mm (i.e. sampling depth about 7 mm).

DC current in a pin-type glow discharge is a function of the operating
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parameters which include the discharge voltage, the pressure of the argon gas,
and the insertion length of the sample. Current increases with increasing
voltage, pressure, and insertion length. The dependence of dc current on the
discharge voltage, the pressure of argon, and the insertion length is shown in
Figure 2.6. However, dc current is not proportional to the intensity of the
analyte signal. Usually, an increase of the current does not correspond directly
to an increase in the counts of the jon signal. Normally, the dc current in this

pin-type glow discharge ion source was in the range of 6 to 9 mA.

A conventional dc glow discharge can be established by applying a
potential of 500-1000 V between two planar conducting electrodes in a vacuum
vessel at 1-10 torr pressure [30). However, the cathodic sputtering in GD
correspond directly to produce ion signals. Usually, 100-500 eV bombardment
energies of primary jon (Ar*) are required to sputter the cathode electrode. A
sputtered atom must receive an energy that is sufficient to overcome its surface
binding energy. A threshold energy is the minimum energy which is able to
dislodge a target atom. Above the threshold energy, the sputtering yield rises
first exponentially and then linearly with ion energy, reaches a flat maximum or
plateau at about 1000 eV, and finally decreases with increasing ion energy [30].
Generally, the power dissipation for GD should be around 8-10 W to get strong
ion signals; i.e. a potential of 800-1000 V is expected to be applied at current of
~10 ma. Below 800 V, the dissipation power is low and the sputtering efficiency
is relatively poor. Thus a lower level of the ion signals is obtained. However,
increase of the fill gas pressure increases the ion current, in turn, increases the dc
current. Therefore, when the dissipation power of the glow discharge increases,

the ion signal is expected to be increased.
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2.3.2 Effect of interface parameters

The interface parameters include the anode bias voltage for the glow
discharge source and the shadow stop bias voltage for mass spectrometer. These
two bias potentials affect the intensity of the analytical signals in GD-MS. The
dependence of the #Mg*, 58Nii+, 4Zn* and 77Al9Ar+ jon signals on shadow stop
bias is shown in Figure 2.7. Except for the lighter element 2¢Mg which requires a
more negative bias potential, the signals for most elements in this aluminum
sample pin require a bias potential of -13 V on the first photon stop to reach
maximum counts. The effect of anode bias on analytical signal intensity is more
critical than that of the shadow stop bias. Plots of signal intensity (logarithm
scale) versus anode bias voltage are shown in Figure 2.8. All the analyte signals
show the same behavior and the analytical signals require a bias potential of +7
V with respect to ground on the anode of the GD to reach maximum counts.
This value is the same as that determined when the pin-type GD was used to
analyze steel and brass samples [29]. Thus, both these bias potentials seem to be
independent of the sample material to be analyzed. By floating the potential 7
volts above ground, the anode repels the positive ions produced in the GD
cavity and pushes the ions through the skimmer which is grounded. Opposite to
the anode bias, the negative shadow stop voltage attracts the positive ions from
the GD cavity into the mass spectrometer. Signal counts of jons increase with
increasing the bias potential because of increasing the kinetic energy of the ions.
However, the signal intensity is not proportional to the bias potentials. There is
a maximum bias value for each potential shown in Figures. 2.7 and 2.8. The
light element such as 24Mg* requires a more negative bias potential (see Figure
2.7) since light mass results in a high velocity of the ion (i.e. signal counts) at a

constant potential. The space charge effect makes the signal counts 2rop when
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bias potential increases further. The positive ions would repel each other in the
space. Both bias values might, however, be different when different
configurations of glow discharges such as disk, Grimm and hollow-cathode

sources are utilized [29)].

2.3.3 Effect of ion lens voltages

The ions formed in the glow discharge are extracted by the sampling
plate, pass through the skimmer and into the ion transfer optics. The ion optics
include an einzel lens which is used to enhance the ion throughput. At the exit
from the einzel lens assembly, the ion beam enters into an analyzer chamber
called a bessel box. It functions as an energy pass filter which selects an energy
window for transmission to the quadrupole for isotopic resolution. lons of the
selected energy are passed through the box while those of higher energies and
lower energies are rejected. The plate unit and the barrel of the bessel box,
together, make ions flow around the second photon stop and then into the
entrance of the quadrupole rods. The second photon stop located in the center of
the bessel box prevents most of the neutral atoms and glow discharge photons
from reaching the quadrupole and detector, thus reducing background noise. A
schematic diagram of the input ion optics of the SCIEX ELAN is shown in Figure
2.9. The elements for which the voltages can be varied are referred to as: E1, the
cylinders 1 and 3 of the einzel lens (0 to -20 V); P, the front and back bessel plates
(0 to -60 V); B, the bessel barrel (0 to +10 V); and S2, the second photon stop (0 to
-20 V) which is located in the bessel box. Four push-button indexing switches
are used to adjust the voltages. The voltage of the center cylinder of the einzel
lens is not accessible to the user, it was set by the manufacturer at -130 V. The

change in analyte signal upon changing the voltage of each of the four accessible
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ion lens voltages was measured for a set of eight elements covering a range of
atomic masses. The elements chosen were 2#6Mg*, ¥Ti+, 55Mn+, 58Nj+, &Cy*,

64Zn+, 1205n+ and 208Pb+, ranging in atomic mass from 24 to 208 m/z.

The dependence of signal intensity on einzel-lens voltage (E1) for four
ions (24Mg*, 58Nji+, 1205n+ and 208Pb*) is presented in Figure 2.10. This is the
potential applied on cylinders 1 and 3 of the einzel-lens. For elements such as
Mg, Ni and Sn, more negative voltage applied to the lens results in higher signal
counts. The plot for the heavier element such as Pb has a maximum at -17 V.
The effect of the voltage on ion counts for different masses is not too severe so
that a compromise voltage setting of -18 to -20 V on the einzel-lens is
satisfactory, but may have to be reduced a couple of volts for the heavier

analytes.

The effect of bessel box plate voltage (P) on the ion signal is displayed in
Figure 2.11. Every element has a peak type response. The lighter the element,
the more negative the voltage at which the peak maxima occurs. The maxima
for these elements occur over a voltage range from -12 to -22 V. Typically, a

compromise voltage setting such as -18 to -20 V was chosen.

The graphs of signal intensity versus the bessel box barrel potential (B) are
shown in Figure 2.12. The maxima for these elements occur over a voltage range
from 3.5 to 6 V. In general, a compromise voltage setting of 4 to 5 V on the barrel

was found to be acceptable.

Finally, the plots of signal intensity versus the second photon stop voltage

(S2) are shown in Figure 2.13. Maximum signals are obtained at a lens voltage
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range from -8 to -11 V. A compromise voltage setting on the photon stop in the

range of -8 to -9 V was normally used.

The results for the effect of ion lens voltages in GD-MS are relatively
similar to those established in ICP-MS. Thus, there is no significant difference
on jon-lens voltage setting between ICP-MS and GD-MS. This implies that the
ion energies of the ions extracted from the GD source are comparable to those for

the ICP source.
24 Conclusions

The basic running conditions for the pin-type glow discharge device and
the mass spectrometer are summarized in Table 2.1. The most compromised
settings with respect to differential analyte signal response are those associated
with the ion lenses (E1, P, B and S2). In particular, these must be adjusted if
heavy analytes are being determined (See Figures 2.10 to 2.13).

Table 2.1 Summary of the pin-type GD-MS instrumental parameters.
A Glow Discharge Device:

dc Voltage (cathode) -1000 V
Fill Gas Pressure (Argon) 2.5 torr

B. Interface:
Anode Bias +7V
Shadow Stop Bias -3V

C. Mass Spectrometer:
Einzel Lens(E1) -18to-20V
Bessel Box Plates(P) -18to-20V
Bessel Box Barrel(B) 4to5V

Photon Stop(S2) 8to-9V
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Chapter 3

Analysis of Aluminum Samples Using Glow Discharge Mass
Spectrometry

3.1 Introduction

Glow discharge mass spectrometry (GD-MS) has been used for the direct
determination of trace levels of elements in various types of solid samples [1).
The applications include analysis of nonconductors such as glasses and ceramics
using radio frequency powered GD-MS [2], determination of C, N, O, P and S in
semiconductors [3], the direct analysis of metals, alloys (such as steels and brass)
[4, 5], and the analysis of superconductors [6]. Aluminum alloys are some of the
most challenging samples for alternative solution-based methods because of
difficulties in dissolution and the presence of refractory species. Thus, analytical
methods using GD-MS have been developed in recent years with respect to the
analyses of solid aluminum-based alloys. The method of quantitation was based
on the use of relative sensitivity factors (RSF's) determined from an aluminum
standard for each of the analytes and it was confirmed that RSF values were
independent of matrix [7, 8]. In addition, GD-MS was also used for the routine
quality control of high-purity aluminum [9] and has been compared with SIMS
for the determination of U and Th in aluminum (10}. In this report,
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simultaneous multielement analysis of alloy aluminum samples is presented
with a particular emphasis placed on the utility of aluminum argide as an
internal standard. A pin-type GD ion source which was interfaced to a
commercial ICP mass spectrometer (SCIEX/Perkin-Elmer ELAN Model 250 ICP-
MS) was employed for this work.

3.2 Experimental

A pin-type GD ion source (Figure 3.1) designed by Shao and Horlick (5]
was used for this work. This ion source can be directly bolted onto an external
interface plate of the mass spectrometer (SCIEX/Perkin-Elmer Elan, Model 250)
in place of normal sampling cone. The whole source is electrically insulated
from the interface plate of the mass spectrometer by a Teflon ring. This allows
biasing of the anode and the sampling plate at a potential other than ground
potential which is necessary for the successful operation of the device. The
sampling plate and the anode are normally operated at the same potential. The

central orifice diameter in the sample plateis 1 mm.

Five standard aluminum samples from the Aluminum Corporation of
Canada (Alcan) and eight standard aluminum samples from the Aluminum
Company of America (Alcoa) were chosen for this work. The aluminum
samples, which were used as the cathode in the GD cavity, were machined in the
form of a metallic pin, 3 mm in diameter and about 15 mm in length. The
sample pin was inserted into the GD cavity about 3 mm so that the distance from
the sampling plate to the end of sample pin was 7 mm, since the GD cavity is 10

mm in length.
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Argon introduced into the GD device was controlled by an SS22RS4
valve (Whitey Co., Ohio, USA). The system was pumped with the normal
mechanical vacuum pump connected to the interface of the ICP mass
spectrometer. No extra pump was needed for this GD device. This pin-type GD

device was water cooled. The cooling water connections are shown in Figure

3.1.

Typical operating pressures were 2.5 torr for the GD device, 0.1 to 0.2 torr
for the region between the sampling plate and the skimmer and 107 to 10 torr
for the mass spectrometer. These pressures were lower compared to the typical
operating pressures for this system as an ICP-MS, where the pressure is about 1
torr between the sampling cone and the skimmer and the mass spectrometer
operates at about 105 torr. The vacuum gauge used on the GD device was an

MKS Baratron Model 122A.

The power supply for GD devices was a BHK Model 2000-0.1 M voltage
supply (Kepco Inc., Flushing, N.Y.). It has full scale ratings of 2000 V and 100
mA. Typical operating conditions ranged 800-1200 V and 7.5-9.5 mA for most

aluminum samples, with an operating pressure of 2.5 torr.

Establishment of the correct voltage biasing arrangement for the interface
components was critical for the successful operation of the GD device. Shao and
Horlick {5] reported that intense and reliable ior. signals were only obtained
when the anode was biased slightly positive with respect to ground and when
the shadow stdp of the ELAN was biased slightly negative with respect to
ground. The shadow stop is a normal component interface of the ELAN input

ion optics [5]. It serves to obscure the photon stop in the center of the Bessel box
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and is usually grounded when the system is used with an ICP source. The
dependence of the ion signal on both the shadow stop and anode bias potentials
is shown in Figure 3.2. The signal is for 63Cu* in an aluminum alloy pin.
Therefore, this pin-type ion source was usually operated with the shadow stop
biased at -13.0 V and the anode biased at 7.0 V, the conditions at which the
maximum ion signal intensity was obtained. The interface voltage biasing
arrangement is shown in Figure 3.3 and the ion focusing lens voltages listed in
Table 3.1 were a compromise chosen to cover a large mass range. The jon lens
voltage settings shown in Table 3.1 are different from the values of the pin-type
GD-MS instrumental parameters which were described in Chapter 2 (Table 2.1)
since a different mass spectrometer was used to obtain maximum ion signals for

this experiment.

Table 3.1 Ion lens voltage setting

Lens Setting Yoltage (V)
Bessel box barrel(B) 62 6.5

Bessel box plates(P) 48 -30.9

Einzel lens(E1) 99 <224
Photon stop(S2) 40 -8.6

Aluminum is one of the active metals and it is easily oxidized. Thus, the
surface of an aluminum alloy pin is covered with a tenacious thin film of
aluminum oxide after it is exposed to air. Whenever a fresh aluminum surface is
created and exposed to either air or water, a surface film of aluminum oxide

forms at once. The normal surface film present in air is about 5 nm thick [11].
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An extended sputter induction period is required for surface cleaning and
subsequent efficient sputter atomization of the bulk aluminum. Therefore, it is
necessary to pre-sputter a sample pin for a quite long time. Each aluminum
alloy pin was pre-sputtered for about 40-min before a measurement in order to
reach stable conditions for all determined elements. This is in contrast to a steel
or a brass sample. which was normally pre-sputtered for just 10-min [5]).
However, it is possible in a routine analysis to shorten this time significantly by
increasing pressure and/or power during pre-burning. Sometimes, however,

that procedure will not be successful because an unstable arc may occur in the

glow discharge.

3.3 Results and Discussion
3.3.1 Qualitative Spectral Scans

One of the key features of GD-MS is the ease with which the elements in a
sample can be determined qualitatively [12, 13]. Mass spectra for one of the low
alloy aluminum samples (1SCXG) are shown in Figures 3.4, 3.5 and 3.6. This
sample was in the form of a pin. The certified composition values are listed in
Table 3.2. Most elements were less than 0.03% by weight except Mg, Si and Fe.
The presence of all elemental components could be easily verified using these
spectra except for Li and Ca because of their lower concentration and the
isobaric overlap with argon background species such as 4CAré+ at m/z 6.67 and
40Ar+at m/z 40. A small peak for Na could still be observed at m/z 23 although

the composition of Na is at a very low level (0.0026%). Some elements such as
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Sr, Ag and Sb were found in this measurement, which were not tabulated by

Alcan.

Table 3.2 Composition of Alcan 1SCXG low alloy aluminum
Composition Composition

Element (%by weight) Element (%by weight)

Be 0.007 Bi 0.022

Ca 0.0058 Cd 0.018

Co 0.02 Cr 0.018

Cu 0.022 Fe 0.33

Ga 0.015 Li 0.0021

Mg 0.25 Mn 0.026

Na 0.0026 Ni 0.023

Pb 0.019 Si 0.2

Sn 0.024 Ti 0.02

\% 0.008 Zn 0.027

Zr 0.034

3.3.2 Evaluation of Background Spectral Interferences

A problem that glow discharge mass spectrometry shares with its optical

counterparts is the presence of spectral interferences. These species arise trom

polyatomic (or molecular) ions of the same nominal mass as the atomic ions of

interest [14]. The basic background species in GD-MS come mainly from argon.
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These argon-based background species in GD-MS seem more complicated than
those in ICP-MS. The major species not only include the normal species such as
40Ar+, 40ArH+, 0ArN+, WArO+ and 9ArOH* which appear in ICP-MS but also
include the dimers of argon (40Ary*, 40Ar36Ar+ and 40Ar38Ar+) which are less
obvious and severe in ICP-MS. In addition to the dimers, the multiply ionized
species of argon such as Ar2+, Ar3+, Ar#* and even Ar5* and Arf* can be
observed in GD-MS, while they are absent in ICP-MS. The presence of some of
these argon-based background species create some spectral overlap problems
which include 7Li* (Ar6*), 40Ca* (Ar*), 54Fe* (ArN*), 56Fet (ArO*), 57Fe*
(ArOHY), 76Se+, 76Ge* (40Ar36Ar+), 78Se+ (0Ar38Ar+), and 80Se+ (40Ar2+).

Other background species originating from water and air seem less
important in GD-MS compared to ICP-MS. The signal levels of O*, O2*, N+, N;*
NO+* and NOH* are much lower in GD-MS than those in ICP-MS so that it is not
a serious problem to identify 28Si+ and 3!P* by GD-MS. However, it is difficult
to always insure that water and air are completely removed from the system and
gas supply. Background species such as O+, OH*, OH;* and OHj3* still can be
observed in GD-MS with OH;* being the most intense, although its signal level
is much weaker than that in ICP-MS.

Since GD is a dirr~t solid sampling technique, there is no need to dissolve
a sample. Therefore, the background species arising from nitric, sulfuric or
hydrochloric acids that may be used to dissolve samples for ICP-MS can be
avoided. This makes it possible, for example, to identify V, Cr and As by using
GD-MS which are free from the interference of chlorine-based species such as

35C10+, 35CIOH*, 37ClO* and 35CI40Ar+ which occur when HCI is used as a
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dissolution acid which is common for aluminum samples. These interferences

are considered serious problems in JCP-MS.

There is little interference problem from the Al matrix. Al is a
monoisotopic element and mono-oxide and mono-hydroxide species (MO* and
MOH*) of metals are normally very weak components in GD-MS compared to
their intensity in ICP-MS. The small peak at m/z 43 is likely from 27A10¢,
although it could also be an isotope of Ca (¥Ca*). In low alloy aluminum
samples, other mono-oxide species from constituents in the alloy cannot be seen

as they are usually at low levels [5].

In this experiment, the presence of argides and dimers of aluminum were
not a serious problem from the point of view of spectral interference. The dimer
of aluminum, 27Al>+, could interfere with 54Fe+ and the argide of aluminum,
27 A140Ar+, could interfere with 67Zn*. The level of this argide (27 A140Ar+/27Al%)
was about 0.06%. No other dimers or argides were found in the spectra of the
low alloy aluminum samples. Argides of minor components in aluminum alloys
were only observed in GD-MS for high alloy aluminum samples. A section of a
mass spectrum for one of the high alloy samples (SS-319E) is shown in Figure
3.7. Several metal argides such as MnAr*, FeAr+, NiAr*, CuAr* and ZnAr* were
observed in the 80 to 125 m/z region. The level of these argides (MAr*/M+) ivas
normally less than 1% although the signals for both isotopes of CuAr* (m/z 103
and 105) were higher since the composition of copper in this alloy was relatively

high (3.83%).

Multiply ionized aluminum species were observed in this experiment but

were not easy to verify. The presence of Al?* at m/z 13.5 could be considered,
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but it can be affected by a multiply charged argon species Ar3+ located at m/z
13.3. The small peak at m/z 9 is likely from Al3+ but it also can result in an
isobaric overlap with an isotope of beryllium (°Be*). Therefore, there is no clear-
cut evidence to confirm the presence of multiply charged aluminum species
from the spectra shown in Figure 3.4. However, by checking the GD-MS spectra
from other Alcan samples such as 1SXD and 25DZ, where no peak was found at
m/z 9 since they do not contain beryllium. Thus it does seem that these multiply

ionized aluminum species may not be for real.
3.3.3 Internal Standardization

In ICP-MS, suppression of analyte signals can be observed because of the
presence of a high concentration of a matrix element [15). GD-MS, however, is
supposed to be relatively free of matrix effects [13,14]. In the glow discharge,
the sputtering atomization is quite consistent from sample to sample. If the net
momentum and lattice disruption forces of an incoming ion are sufficient to
normalize widely varying lattice binding energies, then matrix effects would be
removed or at least minimized [13]. In this experiment, however, significantly
different signal sensitivities for analytes were observed between the spectra of
low and high alloy aluminum. Relative signal intensities of analytes for both
alloys are shown in Table 3.3. They were obtained by dividing the signal
intensity by the concentration of a component (i.e. Intensity/%Concentration).
Therefore, the relative intensity can be considered as the intensity when the

concentration of an analyte is 1%.
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Table3.3  Comparison of relative signal intensities of analytes (at the 1%

level) between high and low alloy aluminum samples

Intensity /%Concentration Loss in intensity
Mass Analyte High Alloy (90%Al) Low Alloy (99%Al) For low alloy Al
24 Mg 210000 120000 43%
48 Ti 280000 150000 46%
55 Mn 290000 150000 48%
58 Ni 140000 70000 50%
63 Cu 110000 60000 45%
64 Zn 126000 64000 49%
67 AlAr 8000* 4000 50%

*Intensity of AlAr for the high alloy is corrected by 7200/0.90=8000.

From Table 3.3, we can notice that the relative intensities of analytes are
much higher for a high alloy aluminum than those for a low alloy aluminum.
The loss in signal intensity is about 50% for most of the elements. This might not
be a matrix effect arising in the discharge. A reasonable explanation is that there
could be different sputtering rates between the low and high alloy aluminum
samples. As we know, the sample is first atomized into the discharge by a
process called sputtering, and then these sputtered atoms are ionized in the
negative glow by electron impact or Penning processes, where Penning
ionization has been identified as the dominant ionization process in glow
discharge configurations [12]. As the nature of the target material (lattice or

crystal structure, binding energy of surface atoms, etc.) strongly influences the
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sputtering yield, where sputtering rate is proportional to the sputtering yield
[12], the preferential sputtering, i.e., the effect of individual sputtering rates of a
multi-element system on the composition of the surface and on the overall
sputtering rate, then comes into play in mixed metal samples or alloys. In effect,
the surface is enriched with elements possessing low sputter yields, whereas the
surface coverage of elements with high sputter yields is decreased. In this
fashion, the overall sputtering rate is limited by and equal to that of the
component having the slowest rate [12]. Aluminum is an element that has a low
sputtering yield and the overall sputtering rate is controlled by the sputtering
rate of Al so that aluminum is more difficult to sputter than other alloy
components in glow discharge. In this experiment, although low aluminum
alloys are softer than high alloys, they seem more difficult to sputter in a glow
discharge with a low overall sputtering rate. On the other hand, high alloys are
less soft. However, they are much easier to sputter with a higher overall
sputtering rate, so that higher signal sensitivities can be observed in GD-MS. In
addition, we also found different signal intensities for aluminum argide
(PAl%0Ar+) at m/z 67 from the low and high alloy aluminum samples. Low
alloy aluminum is almost a pure sample (99% Al). This contrasts with a high
alloy aluminum where the composition of aluminum is about 90% or even less.
As a result, the formation of aluminum argide from a low alloy aluminum in a
glow discharge plasma should be higher than that from a high alloy aluminum.
Comparing the intensity of signals from spectra for both low and high
alumin:m alloys, however, the opposite result is found. The argide signal in the
GD mass spectrum is much lower for the low aluminum alloys than that for the
nigh aluminum alloys. This is further evidence that there is a difference in
sputtering rates between low and high aluminum alloys in a glow discharge.

The sputtering rates were measured by pre-burning both low and high alloys.
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Each sample was pre-sputtered twice for a one-hour period for the first time and
a two-hour period for the second time. The difference in weight of loss between
these two runs was obtained and then the sputtering rate was calculated. In this
experiment, the sputtering rate for one of the low alloy aluminum samples (SA-
909) was about 40 + 3 pug/min, while the sputtering rate for one of the high
alloys (SS-319E) was about 57 + 3 pg/min. Therefore, the different sputtering
rates result, in part, in the different relative signal intensities between high and

low alloy aluminum samples.

It took more than 30-min to pre-burn a sample pin before analysis. The
signal profiles as a function of time for both copper and aluminum argide are
shown in Figure 3.8. Both signals were quite low during the pre-burning period.
After about 15 min, the signal increased rapidly to reach a maximum and then
leveled off at a lower level. A plot of the ratio of copper signal to aluminum
argide signal with respect to the time is also shown in Figure 3.8(c). The signal
ratio fluctuates in the pre-sputtering period, arid then, becomes very stable. The
plot of the relative standard deviation (%RSD) of the signal ratio
(63Cu/?7 A1490Ar+) versus the time is displayed in Figure 3.9. The relative standard
deviation decreases exponentially and reaches about 1-2% after 43-min pre-

burning.

The change in signal intensity over a 40-min period was also investigated.
Data for this medium-term drift were acquired while sputtering an aluminum
pin sample after a 30 min pre-burn. Plots of medium-term drift with and
without the use of AlAr+* as an internal standard are shown in Figure 3.10. The
unratioed ion counts show a continuous downward drift with respect to time.

However, when AlAr* is used as an internal standard, the drift in signal
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intensity with time is essentially eliminated.

Since it is impossible to add an element as an internal standard for solid
samples, usually, a matrix based element such as a minor isotope of a major
component, an argide or another molecular matrix based species can be used for
this purpose. Aluminum argide (AlAr*) was the only choice as the internal
stan<’ard in this experiment for several reasons. First of all, it is a matrix based
argide with a signal that seems to correctly mimic analyte signal in different
matrices i.e. between high and low alloy aluminum samples. Secondly, it is in
the mid-mass range (m/z 67), a compromise position for any mass effects.
Finally, it not only experiences a similar degree of matrix effect to all other
analytes, but also drifts in a same lirection as the analytes drift as shown by the
data presented in Figures 3.8 and 3.10. Therefore, both the sputtering rate
differences and instrument drift problems can be compensated by the use of this

internal standard.

3.3.4 Analytical Results

GD-MS can be applied to the quantitative analysis of aluminum alloys. A
group of calibration curves was established using the Alcan low alloy aluminum
standards 1SCXG, 1SWL, 1SWM, 1SXD and 2SDZ for the determination of Mg,
Ti, V, Mn, Ni, Co, Cu, Zn, Ga, Zr, Sn, Pb and Bi. The concentration for these
components in the standards was normally in the range of 0.001% to 0.030%
except for one of the standards which contained 0.25% magnesium. The slopes
of the log-log plots for the calibration curves were in the range of 0.95 to 1.06.
Examples of two analytical curves for 31V+ and 69Ga* with AlAr+* as the internal

standard are shown in Figure 3.11. The slopes of the log-log plots in Figure 3.11
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are 1.04 and 1.06, respectively. The detection limits for the determination of
these companents were evaluated from this group of calibration curves as linear
plots. They were evaluated using the standard deviation of background and the
sensitivity of analyte signal. The detection limits were all in the range of 10-100
p-p-b. directly in the solid and are summarized in Table 3.4. The low alloy
aluminum sample 1SWL was analyzed for all the above components as an
"unknown". The results are listed in Table 3.5 and the standard deviations for

the results were calculated based on n=6.

Another group of calibration curves was established using both low and
high alloy aluminum standards from. Alcoa for the determination of Mg, Ti, Mn,
Ni, Cu and Zn. The seven standards used were SA-909, SA-1170, SA-1169, SS-
356-B, SS-A132A A, S5-D132-A and SS-319E. The composition of the components
for Alcoa standards was in the range of 0.03% to 1.3% for magnesium, 0.03% to
2.5% for nickel and 0.03 to 3.8% for copper, and the slopes of the log-log plots for
the standard curves were usually in the range of 0.85 to 0.95 using aluminum
argide as the internal standard. Examples of two calibration curves for 24Mg*
and 63Cu* with AlAr* as the internal standard are presented in Figure 3.12. The
slopes of the log-log plots in Figure 3.12 are 0.90 and 0.85, respectively. A high
alloy aluminum sample (S5-360-C) was analyzed as an "unknown" sample. The
results listed in Table 3.6 agree well with the certified values. The precision data

were obtained based on n=6.
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Table 3.4 Detection limits of trace elements directly in Alcan aluminum

solids by GD mass spectrometry
Elements Mass Detection limits(p.p.b.)
Mg 24 108
Ti 48 42
\% 51 31
Mn 55 30
Ni 58 59
Co 59 30
Cu 63 63
Zn 64 58
Ga 69 44
Zr 90 10
Sn 120 41
Pb 208 87

Bi 209 56
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Table 3.5 Results for the analysis of 1SWL low alloy aluminum
Element Certified Value(%) Result(%t0) %rsd
Mg 0.015 0.01450.0004 2.5
Ti 0.025 0.0230+0.0002 0.9
\% 0.019 0.0160+0.C0C2 1.2
Mn 0.023 0.0202+0.0004 2.0
Ni 0.022 0.0205+0.0005 24
o) 0.001 0.0013+0.0001 5.8
“u 0.030 0.0278+0.0009 3.2
Zn 0.023 0.0209+0.0006 29
Ga 0.012 0.0107+0.0003 2.8
Zr 0.013 0.0129+0.0002 1.6
Sn 0.024 0.0225+0.0006 27
Pb 0.018 0.0195+0.0001 0.6
Bi 0.018 0.0193+0.0005 2.4
Table 3.6 Results for the analysis of S5-360-C high alloy aluminum
Element Certified Value(%) Result(%=*0c) Yorsd
Mg 0.52 0.503+0.018 3.6
Ti 0.079 0.076+0.601 13
Mn 0.22 0.224+0.008 3.6
Cu 0.31 0.308+0.009 2.9
Zn 0.25 0.248+0.009 3.6

————
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34 Conclusion

One of the most important advantages of glow discharge mass
spectrometry is the ability to do direct solids analysis. GD-MS can be used
successfully for the analysis of solid alloy aluminum samples botl: qualitatively
and quantitatively. Almost all of the trace elements can be identified directly
from the mass spectra. The basic spectral interferences seem less important in
GD-MS than those in ICP-MS although the argon based background species in
GD-MS are more complicated than those in ICP-MS. Some matrix effect
problems exist as different signal sensitivities of analytes between low and high
alloy aluminum were observed. It is suggested that there is a difference in
sample sputtering rates between these alloys. It has been shown that internal
standardization is important, not only to compensate for instrument drift, but
also to help compensate for the different sputtering rates. In addition,
calibration curves were established using both Alcan and Alcoa aluminum alloy
standards. Essentially, all elements can be determined simultaneously and
p-p.b. limits of detection can be obtained. With careful consideration of
instrument settings, spectral interferences, matrix effects and internal
standardization, excellent quantitative results can be obtained for most elements

in aluminum alloy samples.
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Chapter 4

Analysis of Low Alloy Aluminum Samples Using Inductively
Coupled Plasma Mass Spectrometry

4.1 Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) has been used
for the determination of trace and /or ultra trace amounts of elements in different
kinds of samples that include geochemical samples [1-4], body tissues and fluids
[5-8], environmental [9-12] and biological materials [13-20] (including water [17,
19] and food samples [16, 20]) as well as industrial materials [21-28]. In fact the
industrial applications of ICP-MS have increased significantly in recent years.
For instance, the applicability of ICP-MS to the analysis of SRM steel samples has
been investigated [27] and ultra trace amounts of uranium and thorium in high

purity aluminum were determined by using ICP-MS [28].

The quantitatively analytical methodology developed for ICP-MS
normally includes the use of internal standardization [13, 27] and matrix
matching methods. In this report, these areas are addressed with respect to the
analysis of low alloy aluminum samples. This solution-based analysis will also
provide a contrast to the direct solid technique of GD-MS just presented in the
last chapter. Direct comparison of these two techniques will be presented in the

following chapter.
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4.2 Experimental

All an~lyses were performed using a SCIEX (Perkin Elmer-Sciex) Elan
Model 250 ICP mass spectrometer. A standard MAK optical emission ICP torch
was used in connection with a Meinhard nebulizer and a Scott-type spray
chamber. Compromise conditions for power and nebulizer flow-rate can be
easily obtained for a range of elements. The flow rate yielding the maximum ion
count for a given power and sampling depth is essentially the same for most
elements. For this work, a sampling depth of 15 mm from the load coil was
chosen with a plasma forward power of 1.3 kW. Two nebulizer flow-rates were
utilized (1.10 and 0.90 L/min), since matrix effects could be decreased at the
lower nebulizer flow-rate setting. Some sacrifice in optimum signal intensity
had to be accepted in order to decrease the matrix effect caused by aluminum.
The ion focusing lens voltages were a compromise chosen to cover a la:ge mass

range. The ion lens voltages used are listed in Table 4.1.

Table 4.1 Ion lens voltage settings.

Lens Setting Yoltage (V)
Bessel Box Barrel(B) 55 6

Bessel Box Plates(P) 49 -32

Einzel Lens(E1) 95 -22

Photon Stop(S2) 34 -7
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Five standard aluminum samples from the Aluminum Corporation of
Canada (Alcan) and three standard aluminum samples from the Aluminum
Corporation of America (Alcoa) were chosen for this work. The samples SRM
1SCXG, 1SWL, 1SWM, 1SXD and 2SDZ were from Alcan and SRM SA-909, SA-
1170 and SA-1169 were from Alcoa.

All low alloy aluminum samples were simply dissolved in 6 mol/L
hydrochloric acid as described by Ward and Marciello [29]. A sample of 100 mg
was transferred into a 250-mL glass beaker. Ten milliliters of 6 mol/L
hydrochloric acid was added and the solution was heated until the reaction
subsided (about 5-10 min). In this experiment no black specks of silicon could be
seen in the solution after dissolution because the samples were low alloys with
more than 99% aluminum and less than 0.25% silicon. The solution then was
cooled and diluted to 100 m! (0.1% Al solution) with de-ionized water. The
0.01% Al sample was prepared by taking 10.0 ml of 0.1% Al solution and
diluting it to 100 ml. The hydrochloric acid used to dissolve the aluminum
samples was of analytical-reagent grade and all standards were prepared from

ICP grade standard solutions obtained from Leco Corporation.
4.3  Results and Discussion
4.3.1 Qualitative Spectral Scans
Qualitative analysis is one of the primary features of ICP-MS and the
elements in a sample can be easily identified. The ICP mass spectrum compared

to the atomic emission spectrum for these aluminum samples is quite simple.

The complexity of the atomic emission spectra of aluminum samples is well
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known [29], but the mass spectra clearly illustrate the ease with which the
elemental composition of such samples can be determined. ICP mass spectra for
one of the Alcan aluminum samples (SRM 1SCXG) are shown in Figures 4.1, 4.2
and 4.3. All the spectra shown in these figures were obtained using a solution
that had a total aluminum composition of 0.01%. The certified composition of
this sample and the concentration of the elements in this 0.01% Al solution are
listed in Table 4.2. Most of the elements such as Li, Be, Na, Mg, Ti, Mn, Ni, Co,
Cu, Zn, Ga, Zr, Cd, Sn, Pb and Bi could be readily identified using these mass
spectra. Both Li and Na were in the lowest concentration in this aluminum
sample solution (0.0021 and 0.0026 pg/mL), however, the peak at m/z 23 was
much higher than that at m/z 7. Na seemed likely an impurity from HCIl, while
Li might be real. In contrast, GD mass spectra showed very weak peaks at m/z
7 and 23 (see chapter 3) although there was a small interference of Aré+ located
at m/z 6.67. Some elements such as Sr, Ag and Sb were identified, but are not

certified or mentioned in the Alcan data provided for this standard.

The mass spectra shown in Figures 4.1-4.3 also illustrate some of the
potential problems that arise when using ICP-MS for the analysis of aluminum
samples. In general, spectral interference problems can arise from background,
solvent, oxide and hydroxide species as shown in Figure 4.2 and 4.3(a). These
problems and additional spectral interference problems will be discussed in the

next section.
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Table 4.2 Composition of Alcan 1SCXG low alloy aluminum standard and
concentration of elements in a 0.01% Al solution

Composition Concentration Composition  Concentration
Element (%by weight) pg/mL Element (%by weight) pg/mL
Be 0.007 0.007 Bi 0.022 0.022
Ca 0.0058 0.0058 Cd 0.018 0.018
Co 0.02 0.02 Cr 0.018 0.018
Cu 0.022 0.022 Fe 0.33 0.33
Ga 0.015 0.015 Li 0.0021 0.0021
Mg 0.25 0.25 Mn 0.026 0.026
Na 0.0026 0.0026 Ni 0.023 0.023
Pb 0.019 0.019 Si 0.2 0.2
Sn 0.024 0.024 Ti 0.02 0.02
\% 0.008 0.008 Zn 0.027 0.027
Zr 0.034 0.034

4.3.2 Evaluation of Potential Spectral Interferences

The basic isobaric and background spectral interferences in ICP-MS have
been well documented [30, 31]. Some of the major problem species are
summarized in Table 4.3 for the more common elements that are determined in
aluminum alloys. Only the major background species are listed for water,
diluted nitric acid, sulfuric acid and hydrochloric acid solutions, and the tables

of Tan and Horlick [31] should be consulted for more details.
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Table 4.3 Basic spectral interferences for elements of major interest in
aluminum alloys (natural abundances in parentheses)

Background Species
2504 HCl

7Li(92.5)
9Be(100)
23Na(100)
24Mg(78.8)
25Mg(10.15)
27 A1(100)
285i(92.21)
31pP(100)
325(95.02)
40Ca(96.94)
46Ti(8.01)
48Ti(73.98)
51v(99.76)
52Cr(83.76)
53Cr(9.51)
54Fe(5.82)
S5Mn(100)
56Fe(91.66)
57Fe(2.19)
58Ni(67.77)
59Co(100)
60Ni(2€.16)
62Ni(3.66)
63Cu(69.1)
647n(48.89)
65Cu(30.9)
667n(27.81)
69Ga(60.16)
71Ga(39.84)
885r(82.58)
H7Zr(51.45)
1206n(32.59)
208Pb(52.35)
209Bi(100)

40Ar(99.60)
46Ca(0.004)
48Ca(0.19)

54Cr(2.38)

58Fe(0.33)

64Ni(1.16)

120Te(0.1)

4N, 12C160
14N160OH
1602

14N160,

40Ari2C,36Ar160

40A 14N
40Arl4NH
40Ar160
40Ar160H

32¢g

34SN,3250

365160

3250,,325,
3350),,326335

35C10,37CIN
35C1160H
37C1160
37C1160H

37C1160,
36 Ar35Cl
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Unfortunately, some of the key elements of interest in aluminum
metallurgy (such as Si and P) cannot be easily identified because of spectral
overlaps with species present in the ICP discharge. These molecular background
jons include 14N+ and 14N160H* which affect the major isotopes of Si and P.
Iron and calcium are also problem elements. With iron its major isotope (56Fe*)
is affected by ArO*, and its next two most abundant isotopes, 54Fe* and 57Fe*
are affected by ArN* and ArOH*, respectively. Finally, the least abundant
isotope, 58Fe*, has an isobaric overlap with the major isotope of nickel. The most
serious problem concerns calcium, where all of its six isotopes are affected. The
major isotope (¥0Ca*) is affected by 40Ar+ and its third most abundant isotope
(2Ca*) is affected by ArHj*, both isotopes of 46Ca* (0.004) and 48Ca+ (0.187)
suffer from the interference of NO,* and isobaric overlap from 46Ti+ and 48Ti*.
Even the next least abundant isotope 43Ca* (0.14) and the next most abundant
isotope #Ca+ (2.09) are affected by aluminum oxide (27Al0+) and aluminum

hydroxide (¥? AIOH?*), as well as by the background species CO;*.

Molecular background species can also be formed from the components of
the over-all sample solution matrix. Sulphur- and chlorine~<containing
components can be particularly troublesome. For example, the use of HCl
presents some major potential problems. Two key elements that can be affected
are vanadium and chromium. A chlorine-containing matrix results in the
formation of 35C1O*, 35CIOH* and 37ClO*, which interfere with both 51V+ and
52Cr+ as well as 53Cr+. These are serious problems (see Figure 4.2) because 50V+
is the only other naturally occurring isotope of V and it has a natural abundance
of only 0.25%. 30Cr+ is the only remaining isotope of Cr with a natural
abundance of 4.34%, whereas both 50V+ and 50Cr+ suffer from isobaric overlaps

from 30Ti+, 36ArN+, 35CI15N+ and 345160+ background species.



In addition to N, C, Ar, Cl and Al, other sample components may also
cause MO and MOH spectral interference problems. For example, it can be seen
from Figure 4.4(a), that some masses of cadmium suffer spectral overlap from
ZrO+ species. 3NbO* can also interfere with one of the silver isotopes (1®Ag*).
In order to show these interferences clearly, the mass spectrum of another
aluminum standard (Alcan 1SWM) which does not contain silver is shown in
Figure 4.4(a). These problems are illustrated in detail by the bar graph
simulated spectrum shown in Figure 4.4(b), which shows that the group of peaks
of ZrO+ well agrees with the isotopic pattern observed. The level of these oxides
was pretty high, the ratios of %0Zr!60+/%0Zr+ and 93Nb160+/93Nb+* were about
9.6% and 7.5%, respectively, because both zirconium and niobium oxides are
refractory and both have a high M-O bond dissociation energy. The signal
intensity of metal oxides in ICP-MS is usually proportional to the metal oxide
bond strength. The elements with higher M-O bond strength such as rare earth
elements more readily form metal oxides. For the analysis of aluminum samples
which contain refractory elements such as Ti, Zr, Nb and/or rare earth elements,

metal mono-oxide ions may present in the mass spectra.

Fortunately, the number of oxide and hydroxide species of aluminum are
minimal since aluminum is a monoisotopic element and most of the elements in
aluminum are low M-O bond strength elements except for Ti, Zr and Nb. In this
experiment, although 8TiO+, 48TiOH* and 55MnO* would affect 44Zn, 65Cu and
71Ga respectively. But no other severe MO* and MOH* spectral interference
problems could be observed from the mass spectra for low alloy aluminum
samples. Since the range of reported oxide levels was about 0.1-2.5% for the low

M-O bond energy elements [32-35], whereas the concentrations of trace elements
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the overlap of elemental isotopes and metal mono-oxides. (a) actual spectra
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in 0.01% aluminum solutions were less than 0.03 ug/ml, the signal levels of the
oxide species in these sample solutions could be much less than 50 counts/sec.
Therefore, the oxide and hydroxide spectral interferences are not very important

for analysis of low alloy aluminum samples.

4.3.3 Matrix effect and internal standardization

In ICP-MS, a high concentration of a matrix element is known to affect
analyte sensitivity and suppressions of analyte signals have been observed [36-
39]. Thus, for the analysis of aluminum, the effect of high Al concentrations on
analyte sensitivity should be evaluated. A set of graphs demonstrating the effect
of 1000 pug/ml of Al on Ti, Ni and Cu signals is shown in Figure 4.5. Signal
intensities are plotted as a function of nebulizer flow-rate with the solid line
corresponding to the analyte solution (0.1 pg/ml) containing no aluminum, and
the broken line corresponding to a solution containing 1000 pg/ml of aluminum
and 0.1 pug/ml of analyte. As shown by Tan and Horlick [36], a severe
suppression occurs at the nebulizer flow-rate corresponding to the maximum
analyte signal intensity. Previous results have indicated that heavy matrix
elements cause the most severe matrix effect and light analytes are more
seriously affected than heavier analytes [36]. As well, elements with low
jonization potentials cause more serious matrix effects. Al is a relatively light

trix ion, but it has a low ionization potential (5.968 eV) and a high degree
(98.92%) of ionization in the ICP [40]. Therefore, over-all, the suppression of

signals is severe in an aluminum matrix.
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The matrix effect, as a result of the high concentration of Al, can be
minimized by a small reduction in nebulizer flow-rate from that which results in
the maximum analyte signal. The dependence of the matrix effect on nebulizer
flow-rate and Al concentration is shown in Figure 4.6 for Ni. At the nebulizer
flow-rate yielding the maximum analyte signal, the Ni signal is suppressed by
increasing amounts of Al, but the matrix effect is eliminated at the low nebulizer
flow-rate. This reduction in matrix effect does, however, result in a minor loss in
analyte sensitivity, as shown in Table 4.4 for a number of analytes. In the worst
instance, the sacrifice in signal intensity was only 45%. This makes it possible to
do quantitative analysis of the trace elements at a higher matrix concentration

(1000 pg/ml) with a lower nebulizer flow-rate (0.90 L/min).

Table 4.4 Comparison of signal intensities (counts/sec) at nebulizer flow-rate

yielding maximum signal or reduced matrix effects

Signal at Signal at
flow-rate flow-rate for Loss in
for maximum reduced matrix signal
Element intensity effects intensity, %
Mg 110000 60000 45
Ti 55000 32000 41
Mn 80000 50000 38
Ni 60000 35000 42
Co 60000 35000 42
Cu 45000 25000 44
Zn 10000 7000 30

Y 80000 50000 38
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Vaughan and Horlick suggested that the degree of the matrix effect
changed slowly as a function of mass over a modest mass range of analytes, and
for a relatively light matrix element, all analytes experience a similar effect [27).
However, in this experiment, a light element such as Mg and heavy elements
such as Sn and Pb were determined. The degree of the matrix effect was
different between light and heavy elements. Therefore, the suppressions of the
signal intensities were different between light and heavy elements. One
consequence of this is that two internal standards should be used to compensate

for matrix effects so that a wider mass range of analytes can be determined.

Several criteria should be followed for selection of an internal standard in
the analysis of aluminum samples. First of all, an internal standard should be an
element which is not present in the aluminum samples. Secondly, it should be
monoisotopic, so that there are no extra isobaric corrections to be made on
account of the internal standard and it should not form strong oides. Finally, it
should be in the mid-mass range, a compromise position for any mass effect. In
this experiment, yttrium was chosen as an internal standard for mid-mass range
element determinations. Alternatively, both cobalt and rhodium were also
selected as internal standards for the determination of both lighter and heavier
elements. As some of the samples from Alcan contained a small amount of
cobalt, an isobaric correction had to be made on account of the internal standard

when Co was used as an internal standard.

Matrix effect data are shown in Figure 4.7 for Co (internal standard) and
two analytes (Mg and Ti) as a function of the Al concentration. These data were
obtained at a nebulizer flow-rate giving the maximum analyte signal response.

The matrix effect is clearly similar for all species. Thus, when Co is used as an
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internal standard it compensates for the Al induced matrix effect (Figure 4.8).
This type of compensation for the matrix effect is only effective if the analyte and
the internal standard experience the same matrix effect. Therefore, two internal

standards are recommended when a wide mass range of analytes is determined.

Both short-term and medium-term stabilities of the ICP-MS instrument
were investigated by Vaughan and Horlick [27]). It was reported that in the
medium term, the internal standard improved the standard deviation of the

signal significantly, from 10.9% on average, to 2.3% [27].

The change in signal intensity over a 25-min period was also investigated
in this experiment. Data for this medium-term drift were acquired while
aspirating the 0.01% Al solution over 25 min. Plots of the medium-term drift
with and without the use of Co as internal standard are shown in Figure 4.9.
The unratioed ion signal intensity shows a continuous downward drift with
respect to time. However, when Co is used as an internal standard, the drift in
signal intensity with time is improved significantly. In this medium-term (25
min) experiment, the internal standard reduces the relative standard deviation

(%rsd) of the signal from 5% to 2 %.

4.3.4 Analytical Results

Aqueous calibration curves for both internal standard and matrix
matching methods were employed for the determination of Mg, Ti, Mn, Ni, Cu
and Zn in both Alcoa and Alcan aluminum samples. For the internal standard

method, both yttrium and/or cobalt were chosen as the internal standard.



Matrix Effect, %

Figure 4.8

97

so
Ti/Co (w)
25
azs |
0 P eeantsilLL g LA
-25
'”l DA A AAad | vor Rt § MR AAA | i v
.1 1 10 100 1000
50
] Mn/Co ®)
25 p
<
0: SoeeWeess -
_25-:
<
L
-50 MM A § yovvvveey vEETRWY Y Ty
.1 1 10 100 1000

1 1 10 100 1000
Al Concentration, pug/ml

Effect of increasing Al concentration on the (a) 48Ti*, (b) >>Mn* and (c)
64Zn+ signals with 59Co* as an internal standard.



98

0.4
@
y 4 |
= =
H H
§ ro3 #
] ! -
-
o ®
- -
— 7000 4 02 C
=
o
J f =
S000 vV v T T T et 0.1
0 s 10 15 20 25 30
0.22
®} -
> =
.‘..; - 0.20 2
= p 8
S e
- -0.18
- [ ]
: ¥
& -0.16 =
- g o
z
F0.14 2
5000 fvr=vvrTTr T et 0.12
) [ 10 15 20 25 30
3.00
© }
> =
= 275 %
g } $
z :
= -250
: s+
< 225 2w
= S [~}
o S
) 200 3
b
75000 T TV T YT T T T T T T Y Y Ty 1.75

(4} 5 10 15 20 25 30
Time, min

Figure 4.9 Signal intensity changes (in arbitrary units) as a function of time for (a) 48Ti*,
(b) 58Ni*and (c) 63Cu* in a 0.01% aluminium solution with and without the
use of 59Co+ as an internal standard.



99

Rhodium was also used as the internal standard for the determination of heavier
elements. The intensity ratios of analyte to internal reference were obtained with
respect to the concentration (ug/ml) of the standard solutions. The calibration
graphs were linear over the two orders of magnitude needed for the samples.
The concent:zation range was from 0.003 to 0.3 pg/ml. The slopes (b) of log-log
plots for the calibration function (log (intensity ratio) = a + b-log (concentration))
are presented in Table 4.5 and the analytical results and the certified values are
given in Tables 4.6 and 4.7. The experimental results are in good agreement
with the certified values except the results of both 83Cu* and 5Cu* isotopes. In
Table 4.6, the results of the copper were higher than the certified value of a low
concentration sample (SA-909) and lower than the certified value of a higher
concentration sample (£A-1169). There might be a contamination of copper on
the ion lenses of the mass spectrometer which was used to work as a GD mass
spectrometer for copper samples. With a lower nebulizer flow-rate (0.9 L/min),
the internal standard was used here to improve and compensate for the

instrumental drift.



100

Table4.5  Constants of calibration function for aqueous calibration curves
with internal standards

Element/Internal Standard Calibration function* Correlation
Slope Coefficient
24Mp/89Y 0.97 0.999
48Ty /89y 0.97 0.999
55Mn/89Y 0.98 0.999
58Ni/89Y 0.96 0.999
60N /89y 0.98 0.999
63Cu/8%y 0.93 1.000
64Zn /89y 0.97 1.000
65Cu/8%y 0.93 0.999
662 /89Y 0.98 1.000
48Ti/59Co 0.98 1.000
55Mn/59Co 0.91 0.999
58Ni/59Co 0.92 0.999
60N /59Co 0.94 1.000
63Cu/59Co 0.93 0.999
64Zn/59Co 0.90 0.998
65Cu/59Co 0.90 0.999
66Zn/59Co 0.89 0.998
69Ga/59Co 0.99 1.000
907r/103Rh 0.99 0.997
12051 /103Rh 0.98 1.000

*Calibration function: log y = a+ b log x
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Table 4.6 Analysis of the 0.01% solution of low alloy aluminum samples
from Alcoa. Results reported as % in aluminum; precision expressed as
standard deviation (n=4). Aqueous calibration solutions used, with yttrium as
the internal standard

Sample SA-909 SA-1170 SA-1169

2‘Mg 0.02980+0.00040 0.00810+0.00020 0.03800+0.00030
Certified 0.030 0.009 0.038

8539+, 0.02480+0.00070 0.01950+0.00020 0.06600+0.00260
Ce:tified 0.031 0.027 0.076

58N 0.03110+0.00040 0.00570+0.00008 0.00437+0.00004
Certified 0.034 - -

60N 0.03160+0.00080 0.07300x0.00007 0.00306+0.00011
Certified 0.034 - -

63Cy 0.05579+0.00240 0.10700+0.00320 0.19410+0.00890
Certified 0.031 0.100 0.210

647n 0.03160+0.00040 0.03800+0.00070 0.02000+0.00030
Certified 0.030 0.039 0.021

65Cy 0.05520+0.00140 0.10400+0.00180 0.19410+0.00070
Certified 0.031 0.100 0.210

667n 0.03090+0.00080 0.03890+0.00050 0.02200+0.00040
Certified 0.030 0.039 0.021
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Table 4.7 Analysis of the 0.01% solutions of low alloy aluminum samples
from Alcan with both low and high nebulizer flow-rates. Results reported as %
in aluminum; precision expressed as standard deviation (n=4). Aqueous
calibration solutions used, wit": Zo or Rh used as the internal standards
Nebulizer Flow-rate: 0.9 L/min

Mass\Samples 1SCXG 1SWL 1SWM 1SXD asDz
Mg24/59 .2143 £.0034 .0193 +.0004 .0109 +.0003 .0132 +.0011 .0366 +.0010
Certified .25 015 .005 006 .035
Ti48/59 0178 £.0004 .0250 £.0004 .0051 +.00004 .0131 +.0008 .0393 +.0015
Certified .02 025 .005 013 .041
Mn355/59 .0173 £.0005 .0208 +.0006 .0056 +.0002 .0064 +.0003 .0382 +.0008
Certified .026 023 .005 005 .042

Ni 58/59 0161 +.0004 .0210 £.0004 .0055 +.0001 .0068 +.0004 .0445 +.0008
Certified 023 022 .006 005 .045

Zn 64/59 0330 £.0007 .0274 £.0005 .0216 +.0001 .0175 +.0003 .0538+.0010
Certified 027 023 .016 005 046

Ga 69/59 .0118 +.0001 .0116 +.0002 .0089 +.0002 .0018 +.0002 .0237 +.0009
Certinied 015 012 .01 .001 022

Sn 120/103 .0242 +.0011 .0237 £.0005 .0055 +.0003 .0059 +.0006 .0477 +.0011
Certified .024 024 .006 .006 .045
Nebulizer Flow-rate: 1.1 L/min

Mass\Samples 1SCXG 1SWL 1SWM 18XD 28Dz
Mg?24/59 .193 £.003 .0180 +.0003 .0103 +.0004 .0119 +.0004 .0336 +.0009
Certified .25 015 .005 006 .035

Ti 48/59 .0174 £.0003 .0251 £.0002 .0051 +.0002 .0129 +.0003 .0397 +.0003
Certified .02 025 .005 013 .041
Mn55/59  .0175 +.0003 .0210 +.0002 .0051 +.0005 .0052 +.0001 .0372 +.0004
Certified .026 023 .005 .005 .042

Ni 58/59 .0162 +.0003 .0209 £.0003 .0049 +.0001 .0060 +.0001 .0443 +.0007
Certified .023 022 006 005 .045

Zn 64/59 .0299 +.0004 .0262 £.0006 .0184 +.0004 .0153 +.0005 .0492+.0002
Certified 027 023 .016 .005 .046

Ga 69/59 .0115 +.0001 .0112 +.0001 .0089 +.0001 .0010 +.0001 .023 +.0003
Certified .015 012 .01 .001 .022

Sn 120/103 .0227 +.0006 .0230 +.0005 .0056+.0004 .0055 +.0002 .0451 +.0006
Certified 024 024 .006 .006 .045
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Matrix matching was also tried at both high and low nebulizer flow-rates
without use of internal standards. Standard solutions were prepared and Al was
added with a concentration of 100 ug/ml in order to match the 0.01% Al sample
solutions. The results for 0.01% solution of low alloy aluminum samples from
Alcoa by using matrix matching method are shown in Table 4.8. Since the
matrix effect of aluminum on analyte signals was significantly reduced at a
lower nebulizer flow-rate (0.90 L/min), 0.1% sample solutions were also
aspirated in order to compensate the loss in intensity of the analyte signals at the
reduced flow-rate setting. As a result, the ability to detect analytes was
enhanced significantly so that it was possible to determine the ultra trace
elements in the low alloy aluminum samples. The analytical results using the
matrix matching method with both high and low nebulizer flow-rates are given
in Table 4.8, and the results for the 0.1% solutions of the standard reference
aluminum from both Alcoa and Alcan at a nebulizer flow-rate of 0.9 L/min are
also presented in Table 4.9. The agreement between the experimental and
certified values was good, especially, for the results of Alcan 1ISWM and 1SXD
low alloys where the compositions of the most analytes are normally in a range
of 0.001% to 0.006%. Because of their lower concentrations in the 9.01%
aluminum solutions, the accuracy for most analytes in 1SWM and 1SXD shown
in Tables 4.7 is relatively poor. The results are significantly higher than the
certified values. As shown in Table 4.9, however, the accuracy of the results is

significantly improved for the 0.1% Al solutions.
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Table4.8  Analysis of 0.01% solution of low alloy aluminum samples from
Alcoa by using matrix matching method. Results reported as % in aluminum;

precision expressed as standard deviation (n=4).

Samples SA-909 SA-1170 SA-1169
Nebulizer flow-rate: (0.9 L/min)

2‘Mg 0.0316+0.0013 0.0057+0.0007 0.0401+0.0008
Certified 0.030 0.009 0.038

55Mn 0.0319x0.0005 0.0245+0.0004 0.0782+0.0015
Certified 0.031 0.027 0.076

58Ni 0.0353+0.0012 0.0061+0.0006 0.0044+0.0003
Certified 0.034 - -

60Nj 0.0296+0.0014 0.0016+0.0001 0.0018+0.0003
Certified 0.034 - -

63Cu 0.0316+0.0012 0.0996+0.0009 0.2092+0.0037
Certified 0.031 0.10 0.21

647Zn 0.0321+0.0009 0.0415+0.0013 0.0203+0.0019
Certified 0.030 0.039 0.021

65Cu 0.0302+0.0014 0.1028+0.0011 0.2096+0.0003
Certified 0.031 0.10 0.21

66Zn 0.03150+0.0016 0.04330+0.0018 0.0207+0.0023
Certified 0.030 0.039 0.021
Nebulizer flow-rate: (1.1 L/min)

24Mg 0.0249+0.0003 0.0075+0.0002 0.0361+0.0007
Certified 0.030 0.009 0.038

55Mn 0.0278+0.0009 0.0248+0.0007 0.0770+0.0012
Certified 0.031 0.027 0.076

58Nj .0361+0.0007 0.0085+0.0002 0.0056+0.0001
Certified 0.034 - -

60N 0.0362+0.0006 0.0042+0.0003 0.0030+0.0002
Certified 0.034 - -

63Cu 0.0320+0.0007 0.1060£0.0024 0.2078+0.0031
Certified 0.031 0.10 0.21

647Zn 0.0313+0.0007 0.0358+0.0005 0.0194+0.0008
Certified 0.030 0.039 0.021

65Cu 0.0317+0.007 0.1059+0.0031 0.2069+0.0037
Certified 0.031 0.10 0.21

667Zn 0.0308+0.0009 0.0388+0.0008 0.0205+0.0004
Certified 0.030 0.039 0.021
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44 Conclusions

Inductively coupled plasma mass spectrometry can be used successfully
for the analysis of low alloy aluminum samples. However, basic spectral
interferences make the determination of some important elements (Si and P)
difficult. In addition, ArN*, ArO* and ArOH* from the argon gas may cause
important spectral interferences on the major isotopes of Fe, and the ClO* and
CIOH* species from the solution matrix may cause severe interference on the V
and Cr signals. The Al induced matrix effects are an important aspect of ICP-MS
analyses in this experiment and suppressions of analyte signals were observed.
It was shown that the matrix effect could be reduced significantly with a lower
nebulizer flow-rate setting so that 0.1% Al sample solutions can be determined
without the use of internal standards but with matrix matching. Moreover, it
was also shown that internal standardization is very useful, not only to
compensate for instrumental drift but also to help compensate for matrix effects.
Matrix matching was also applied to match the 0.01% Al sample solutions.
Excellent results can be obtained for determination of most elements in

aluminum alloy samples.
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Chapter 5

Comparison of the Spectral Characteristics of ICP-MS and GD-MS
with Respect to Low Alloy Aluminum Samples

5.1 Introduction

As was seen in the last two chapters, both inductively coupled plasma
mass spectrometry (ICP-MS) and glow discharge mass spectrometry (GD-MS)
are applicable to the determination of the elemental composition of aluminum
alloys. In contrast to the solution-based ICP-MS methodology, the direct solids
analysis capability of GD-MS is an obvious advantage. Both techniques also are
substantially different with respect to the spectral characteristics of the basic
mass spectra obtained and to the nature of the basic spectral interferences. In
particular, the species observed from the support gas {argon), other background
gases, polyatomic interferences from matrix elements by themselves and in
combination with other plasma species can be quite different between the two

techniques.

In this report, both background and analyte spectral characteristics for
both mass spectra (ICP-MS and GD-MS) will be compared with respect to the

analysis of low alloy aluminum samples.
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5.2 Experimental

Both experiments were carried out by using a SCIEX (Perkin Elmer-Sciex)
Elan Model 250 ICP quadrupole mass spectrometer. For ICP-MS, a standard
MAK optical emission ICP torch was used in connection with a Meirhard
nebulizer and a Scott-type spray chamber. A sampling depth of 15 mm from the
load coil was chosen with a plasma forward power of 1.3 kW. The nebulizer
flow-rate for argon was 1.10 L/min. The ion lens voltages were a compromise
chosen to cover a large mass range (see Chapters 2 and 4). For GD-MS, a pin-
type GD device was designed [1] and it was bolted directly onto an external
interface plate of the quadrupole mass spectrometer in place of the normal
sampling cone used in ICP-MS. This GD source was electrically isolated from
the interface plate of the mass spectrometer by a disk insulator. It was usually
operated with the shadow stop biased at -13.0 V and the anode biased at 7.0 V, at
which the maximum ion signal intensity can be obtained. The power supply for
the GD device was a BHK Model 2000-0.1 M voltage supply (Kepco Inc.,
Flushing, N.Y.) with full scale ratings of 2000 V and 100 mA. Typical operating
ccnditions were 1000 V and 7-9 mA. For GD-MS, the typical operating pressures
were 2.5 torr argon for the GD device, 0.1 to 0.2 torr for the region between the
sampling plate and the skimmer and 1077 to 10% torr for the mass spectrometer.
These pressures are lower compared with the typical operating pressures for this
system as an ICP-MS, where the pressure is about 1 torr between the sampling
cone and the skimmer and the mass spectrometer operates at about 105 torr.

The vacuum gauge used on the GD device was an MKS Baratron Model 122A.

Standard low alloy aluminum samples from the Aluminum Corporation

of Canada (Alcan) were chosen for this work. For ICP-MS, a sample of 100 mg
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aluminum chip was transferred into a 250-mL glass beaker. Ten milliliters of 6
mol/L HC! was added and the solution was heated until the reaction subsided
(about 5-10 min). The solution then was cooled and diluted to 100 mi (0.1% Al
solution) with de-ionized water. A 0.01% Al sample was prepared by taking
10.0 mL of 0.1% Al solution and diluting it to 100 mL. The hydrochloric acid

used to dissolve the aluminum samples was of analytical-reagent grade.

For GD-MS, the aluminum standard was machined in the form of a
metallic pin, 3 mm in diameter and about 15 mm in length. The sample pin was
inserted into the GD cavity about 3 mm so that the distance from the sampling
plate to the end of sample pin was 7 mm since the GD cavity is 10 mm in length.

This sample pin was the cathode of the glow discharge.

53 Discussion

This discussion is focused on the different spectral characteristics between
ICP-MS and GD-MS for the analysis of low alloy aluminum samples. The
discussion is divided into three different parts. One is a comparison of
background spectral features, another is a comparison of analyte specrral

features and the other is a comparison of the detection limits.

5.3.1 Comparison of background spectral features

Mass spectroscopic interference effects arise from overlaps of: isobaric
isotopes of elements; basic plasma background species; matrix induced
background species; hydrides; oxides; hydroxides; doubly charged species; and
from overlaps with argon gas based species [2,3]. Background species in ICP-MS
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normally originate from the plasma gases, from air entrainment, and from the
sample and/or solvent (water). The background spectral features of ICP-MS
have been the subject of numerous investigations [2-6]. For example, Tan and
Horlick [2] showed background spectra for distilled water and for three acidic
matrices (i.e. 5% HCl, HNOj3, H;SOy4). The spectral complexity depends upon
the solvent used and they tabulated a number of the isotopic combinations of
background species that could potentially interfere with major and minor

isotopes of elements.

In marked contrast to pneumatic nebulizer based solution sample
introduction systems such as ICP-MS, GD-MS involves the introduction of solid
sample directly into a low pressure "dry plasma", i.e. a plasma in which almost
no water and air are present. Thus the solvent and/or air dependent
background species should be significantly reduced in GD-MS systems.
However, the spectral interferences from discharge gas and other background
gases; polyatomic interferences from sputtered matrix atoms in combination
with other plasma species could still be present in GD-MS. With respect to the
spectral scans of a low alloy aluminum sample (1SCXG/Alcan) using both ICP-
MS and GD-MS shown in this chapter, the background spectral interferences
from several specific sources are compared between ICP-MS and GD-MS. These
include: the basic background from air or solvent; the background species
induced from argon gas; the background from the aluminum based matrix; as

well as oxide and hydroxide species.

The basic background species originating from water and air seem less
important in GD mass spectra. The signal levels of N+, O+, OH*, OH,*, OHj;*,
N2+, CO*, NO*, Oz* and O;H* are much lower in GD-MS than in ICP-MS. Since
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solvents are not used in GD devices, the resulting mass spectra tend to be much
simpler (at least in the 14 to 75 m/z region) than for ICP-MS. Figures 5.1 and 5.2
show the spectra for the aluminum standard sample from both ICP-MS and GD-
MS. As hydrochloric acid is needed to dissolve the sample for ICP-MS, the
background species arising from the acid can not be avoided. Not only can both
isotopes of 35CI+ and 37Cl* be observed (Figure 5.1a), but also the interferences
of chlorine-based species such as 35CIO*, 35CIOH*, 37CIO* and 40Ar35CI* can be
found in the ICP mass spectrum (Figure 5.2a). They are considered as serious

problems for determinations of 51V+, 52Cr+, 53Cr+ and 75As* in ICP-MS [2, 4, 6].

Another type of background species in ICP-MS and GD-MS are those
coming from the argon support gas. These argon gas based background species
in the GD-MS spectrum tend to be more complicated than those in ICP-MS. The
major interferences not only include the normal species such as ¥Ar+, 40ArH*,
40ArN+ and 40ArO* which appear in ICP-MS but also the isotopes of argon
(36Ar+* and 38Ar+) and dimers of argon (40Ar,*, 40Ar36Ar+ and 40Ar38Ar+) which
are more obvious in GD-MS in a relative sense. That is, the signal intensities at
36, 38, 76, 78, 80 and 81 m/z are much weaker in ICP-MS than those in GD-MS
(see Figures 5.1 and 5.2). This implies that the concentration of these ions
(different isotopes and dimers of argon) are much higher in a "dry plasma”. In
addition, the multiply ionized species of argon such as Ar2+, Ar3+, Ar** and even
Ar5+ and Aré+ can be observed in GD-MS, whereas they are absolutely absent in
ICP-MS. The presence of these multiply charged argon species in GD-MS is
illustrated in Figure 5.3. For a 1000-V glow discharge, the average energy of fast

electrons
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might be about 200400 eV [7]. This is sufficient energy to form the multiply
charged argon ions in a stepwise manner. However, such high energy electrons

do not occur in an ICP.

Aluminum based matrix species do not seem to be major components in
either ICP-MS or GD-MS. Since Al is a monoisotopic element, less interference
problems can, a priori, be expected. Mono-oxide and mono-hydroxide species of
aluminum (AlO* and AIOHY), the dimer of aluminum (27Al;*) and multiply
charged aluminum species (Al2* and Al3+*) are relatively low in intensity. In both
mass spectra (Figure 5.2), the small peak at mass 43 is likely from 27AlO*,
although it also can be overlapped with an isotope of Ca (43Ca*). Also, the
presence of the mono-hydroxide and dimer of aluminum (AIOH* and Aly*)
could not be confirmed since the large peaks at both mass 44 and 54 could also
originate from the background components of CO;* and 4¥ArN*, which are
much stronger in ICP-MS than those in GD-MS, as well as the isobaric overlap of
#Ca+ and 54Fe* with natural abundances of 2.09% and 5.82%, respectively. The
existence of doubly charged and triply charged aluminum species (Al?* and
Al3+) at m/z 13.5 and 9 could be considered in GD-MS, but Al®+ can be affected
by a multiply charged argon species Ar3+ with m/z 13.3 and also an isobaric
overlap with beryllium (°Be) may occur at m/z 9 (see Figure 5.3). Therefore,
there is still no exclusive evidence to prove the presence of multiply charged

aluminum species in GD-MS.

One of the most important different spectral features of GD-MS from ICP-
MS is the enhanced presence of metal matrix based argides. Such argides tend
to be almost completely absent in ICP-MS. In this GD-MS aluminum spectrum,
the only significant argide is 27Al140Ar+ which interferes with 67Zn* (Figure
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5.2b). The level of this argide (27A140Ar+ /27 Al*) is about 0.06%. No other argide

was found in the GD-MS spectrum for this low alloy aluminum sample.

In addition to N, C, Ar, Cl and Al, other sample components or metals
may also cause MO and MOH spectral interference problems in ICP-MS due to
the effects of water and air. For example, it can be seen from Figure 5.4a for
another aluminum standard (1SWL/ Alcan), that some masses of cadmium suffer
spectral overlap from ZrO* compounds. Interference from this metal oxide
(MO) could not be found in GD-MS, although it is difficult to always insure that

water and air are completely removed from the GD system and gas supply.

A group of bar graphs are used in Figure 5.5 to compare the different
intensities of background signals between ICP-MS and GD-MS in the mass range
from 1 to 83 m/z. In summary, for the background species coming from the
effect of water (or solvent and acid) and air such as 14N+, 160+, 160H+, 160H;*,
160H3*, 180H3*, 14N2*, CO+, N;H+, COH*, 14N160+, NOH?¢, 1602+, 1602H*,
180160+, 35C1+, 37Cl", 14N02+, 35C10+, 35CIOH*, 37CIO+, 40Ar14N*, 40ArNH*,
40Ar160+, 90ArOH* and 40Ar35Cl+, the signal intensities are obviously stronger
in ICP-MS than in GD-MS. These background species severely affect some of the
key elements of interest in aluminum alloys (Si, P, S, Ca, V, Cr, Fe and As).
However, for the background species originating from argon gas, such as Aré+,
Ars*, Ar%+, Ar3+, Ar?+, 36A!-+’ 38Ar+, 38 ArH*, 40ArH+, wA,H2+, 27Al40Ar*,
40Ar36Ar+, 40Ar36ArH+, 40Ar38Ar+, 40Ar38ArH* and 40Ar;+, the signal intensities
are much weaker or even missing in ICP-MS compared to GD-MS. Many of
these are not considered to be a big problem in GD-MS since the multiply
charged argon signals are located at a relatively low mass region (6-20 m/z)

where the only affected element of interest in aluminum alloys is lithium (7Li*,
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92.5%). The significant signal of aluminum argide (27Al40Ar+) only affects a

minor isotope of zinc (67Zn*) with a natural abundance of 4.11%.

5.3.2 Comparison of analyte spectral features

Both ICP-MS and GD-MS can be considered as useful sources for
elemental analysis with low detection limits broadly achieved for almost all
elements across the periodic table. Most of elements in the aluminum alloy can
be identified readily from both mass spectra in this experiment. Although a
0.01% Al solution of the standard (see Table 5.1) was aspirated for ICP-MS, in
general, the signal intensities are slightly higher in ICP-MS than those in GD-MS
(see Figure 5.5). Thus even with the dilution associated with dissolution, ICP-

MS is superior to GD-MS in terms of sensitivities (see next section).

Table 5.1 Composition of Alcan 1SCXG low alloy aluminum

Composition Camposition
Element (%by weight) Element (%by weight)
Be 0.007 Bi 0.022
Ca 0.0058 Cd 0.018
Co 0.02 Cr 0.018
Cu 0.022 Fe 0.33
Ga 0.015 Li 0.0021
Mg 0.25 Mn 0.026
Na 0.0026 Ni 0.023
Pb 0.019 Si 0.2

Sn 0.024 Ti 0.02
\% 0.008 Zn 0.027
Zr 0.034
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An interesting difference in analyte signal intensities between ICP-MS
and GD-MS shown in Figure 5.6 is the different intensity ratio of 208Pb+ to
209B;+, In ICP-MS, 208Pb* signal is much higher than that of 209Bi+. However, in
GD-MS, the opposite situation can be observed, where the signal of 209Bi is
slightly higher than that of 208Pb*. This suggests that the degree of ionization is
higher for Pb than that for Bi in the ICP (97.93% for Pb contrasts to 94.14% for Bi
in one report [8]) although the compositions of two elements are almost the same
in this sample (Bi 0.022% and Pb 0.019%). The sputter step inherent in glow
discharges ablates atoms of all elements generally in a uniform manner and the
varijous collision mechanisms in the plasma are sufficiently energetic to ionize
indiscriminately, so that both Pb and Bi could be released readily and ionized
uniformly. That is perhaps why there is no significant difference in intensity
between both signals in GD-MS. Again, a similar circumstance can be noticed in
Figure 5.4 where the ratio of 120Sn+ to 121Sb+ in GD-MS is totally different from
that in ICP-MS, with the GD-MS results indicating a more uniform response. An
opposite situation can be observed in Figure 5.3, where 23Na* signal shows the
different intensity between ICP-MS and GD-MS. Both Li and Na are the lowest
components in the aluminum standard (see Table 5.1). However, the signal for
BNa+t in ICP-MS is much higher than that in GD-MS, while the 7Li+ signal is
obscured by a multiply charged argon species (Aré+*) in GD-MS. The source of
the Na might come from the dissolution of the aluminum sample with

hydrochloric acid.

Another difference noted is the absence of the niobium signal at m/z 93 in
the GD-MS spectrum (Figure 5.4). There might be a difference in sputtering yield

between Zr and Nb, i.e., niobium seems much more difficult to sputter than
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zirconium in a glow discharge. Not only is the 9Nb* mono-isotopic signal
observed in ICP-MS, but also the mono-oxide NbO* signal can be found at m/z
109 in a 9% level (93NbO*/93Nb*), which supports the presence of niobium.
Although a number of possible molecular interferences (such as 2BNa35Cl,*,
58Nj35Cl+, WArCIO*, WArSSCIH,O+, 4Ar6ArOHY, 4Ar,12CHY,
27A102(OH);* and 27AICINOH?*) can be considered, there is no sound evidence
to confirm that the signal at m/z 93 is coming from a background interference in
ICP-MS. For Example, 22Na35Cl;* may be suspected, but both 23Na* and 35Cl,*
signals are very weak. In addition, in the spectrum, there is no 60Ni35Cl+ signal
to support the presence of 58Ni35Cl+ and no 40Ar35CIO* signal to support the
presence of 40Ar37CIO* from the point of view of isotopic information.
Moreover, the 90Ar35C1+ and WAr36ArH* signals are very weak, it is impossible
to produce a higher signal of 40Ar35CI-H,0+ or 40Ar36ArOH*, and there is no
40A36ArO* signal to support the presence of ¥Ar36ArOH* as well. Also, there
is no evidence to prove the existence of 27A10,(OH);* and 27 AICINOH* from the
point of view of fragment ion information in the mass spectrum. On the other
hand, the Nb could have come from contamination introduced during
dissolution and/or the machining step used to cut some Al from the rod form

standard.
5.3.3 Comparison of detection limits

Detection limits for ICP-MS are typically in the 0.001-0.01 p.p.b. range
(ng/mL) for solution samples[9], while the detection limits for GD-MS are
usually in the 106-100 p.p.b. range (ng/g) directly in the solid samples. Thus, the
detection limits in ICP-MS are superior, even when dilution is taken into

account, where the detection limits are 0.1-1 p.p.b. (ng/mL) for a dissolved solid
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sample in 1% solutions. However, 1% solutions are still difficult to run in ICP-
MS because of severe matrix effects. In this experiment, 0.01% Al solutions were
aspirated for ICP-MS comparing with directly solid sampling in GD-MS. There
was no significant difference in signal intensities for most elements between ICP-
MS and GD-MS spectra, so that the detection limits became comparable for these
two methods under ICP solution conditions that minimized matrix effects, i.e.

diluted solutions.

54 Conclusions

Both inductively coupled plasma mass spectrometry (ICP-MS) and glow
discharge mass spectrometry (GD-MS) can be considered as very useful methods
to carry out elemental analyses with a broad coverage of the periodic table.
With a direct solid sampling technique, glow discharge works as a "dry plasma”
source into which almost no water or air is being introduced. Thus the solvent
and/or air dependent background species are significantly reduced or even
eliminated in GD-MS compared with ICP-MS. On the other hand, the argon-
based background species (such as multiply ionized argon ions, argon dimers
and argides) tend to be more complicated in GD-MS than those in ICP-MS, but
these did not bring so many interference problems to the analysis. For 0.01% Al
solutions aspirated in ICP-MS, the analyte signal intensities are comparable to or

slightly higher than those in GD-MS.
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Chapter 6

Alcan DataBase: A Computer Program for Management and
Display of ICP-MS and GD-MS Spectral Data

6.1 Introduction

Both inductively coupled plasma mass spectrometry (ICP-MS) and glow
discharge mass spectrometry (GD-MS) are very useful methods to carry out
elemental analysis with a broad coverage of the periodic table. As has been
shown in the last three chapters, ICP-MS and GD-MS can be used successfully

for aluminum samples.

The simplicity of elemental mass spectra relative to atomic emissicn
spectra is an important advantage of ICP-MS over ICP-AES. Both ICP and GD
mass spectra are less complicated compared with optical emission methods and
isotopic information is provided. However, the mass spectrometric methods are
by no means interference free. For both ICP-MS and GD-MS, spectral
interferences include isobaric interferences, interferences from the support gas
and other background gases, and molecular interferences from matrix
components in combination with other plasma species. Moreover, the spectral
characteristics of ICP-MS and GD-MS for the analysis of aluminum samples are
also quite different. Glow discharge works as a "dry plasma" source into which
almost no water or air is introduced. Thus the solvent and/or air dependent

background species are significantly reduced or even eliminated in GD-MS
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compared to ICP-MS. On the other hand, the argon-based background species
(such as multiply ionized argon ions, argon dimers and argides) tend to be more

complicated in GD-MS than those in ICP-MS.

Computers have become an essential part of spectrochemical research for
both data acquisition and data processing [1], and an effective computerized
data base can be considered as one of the most useful tools for the management
of analytical results and analytical information. A computer program, Alcan
DataBase, for Microsoft Windows (386 or 486 compu:.rs) has been developed.
Alcan DataBase is a graphically-oriented database for the analysis of aluminum
alloy samples with both ICP-MS and GD-MS. Five low alloy aluminum samples
from Alcan were analyzed by ICP-MS and GD-MS, and the spectral data (1-125
m/z) for these standards were installed in this program. Alcan DataBase
provides the ability to compare and contrast the different spectral characteristics
of ICP-MS and GD-MS, and also can be used to demonstrate the qualitative
analysis capability of ICP-MS and GD-MS. The comparison windows of ICP-MS
and GD-MS for the Alcan 1SCXG standard are displayed in Figure 6.1.

The background spectral features and the spectral interferences of both
ICP-MS and GD-MS are also listed. Since hydrochloric acid was used to dissolve
the aluminum samples which were run as 0.01% Al aqueous solutions for ICP-
MS, while aluminum samples were directly determined by GD-MS, the
background and spectral interferences can be quite different between the two
techniques. The interferences can be divided into the fcllowing categories:
isobarics, matrix dependent background, doubly charged species, oxides
(including hydroxides and hydrides), acid dependent background for ICP, and

argides and dimers especially for the glow discharge. The interference database
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can be modified by the user and new interferences can be added or old ones

deleted.

For qualitative elemental analysis, a mass spectrum window can be
opened along with a periodic table, from which bar graphs of the isotope pattern
and the tables of the isotopic abundance for all the elements can be obtained.
This makes it easy to recognize the elements present in the spectrum that is
displayed (see Figure 6.2). The program is written for users who are interested
in inorganic mass spectrometry using a quadrupole mass analyzer. Thus, the
largest mass for the program is 238 m/z, and all of the interferences are listed at

their nominal mass positions.

The basic isobaric and background spectral interferences in ICP-MS have
been well documented [2, 3] and a simple computer program for the Macintosh
was developed to facilitate accessing interference data as early as 1987 [4].
However, the concept for the program Alcan DataBase is based on the software
of MS InterView which was published as a Macintosh application in 1992 [5].
MS InterView shows the background interferences for ICP-MS with very limited
data for GD-MS. Alcan DataBase focuses on the comparison of sample spectral
characteristics of ICP-MS and GD-MS with respect to the analysis of aluminum
samples, as well as providing a graphic platform for the qualitative analysis of
unknown aluminum samples. In addition, the data for the natural abundances
of the isotopes were updated using a recent JUPAC compilation [6]. Finally, the
spectral interferences of both ICP-MS and GD-MS were updated with particular

focus on the analysis of aluminum samples.
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Object-oriented programming (OOP) was used to develop this program.
OOP represents a recent stage in the development of programming technology.
OOP language simplifies the task of programming for a window environment,
allowing the application developer to focus on the application’s function, rather
than its form. OOP has the capability to manage very large programming
projects by breaking up large problems into smaller, independently functioning,
highly visible parts. It works in a truly modular programming environment
where redundancies in coding are kept at an absolute minimum. It also
provides the ability to spawn multiple instances of a given function or object
from the same code without the codes, for the instances, interfering with one
another [7]. As has been recently discussed [8], the OOP language makes it
easier to evaluate and modify the program than non-OOP language. As a result,
one can use the OOP to write Windows programs with much less time and effort

than with non-object-oriented approaches.

6.2 Alcan DataBase

Alcan DataBase was written and complied using Borland's Turbo Pascal
for Microsoft Windows. The multiple document interface (MDI) window
method was used to construct this program. The main frame window named
Alcan DataBase contains a menu bar which includes File, Interferences, Spectra,
Window and Help menus (see Figure 6.3a). These "pull-down” menus and the

commands that the menus contain are shown in Figure 6.3b.

Alcan DataBase can be is described in two different environments. One is

the Menus and another is the Windows.
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6.2.1 Menus

6.2.1.1 File menu
The File menu includes Open and Exit commands. The Open command

enables one to open stored spectrum files in which the data should be written in
text format with mass in the first column and intensity in the second column.
Thus a spectrum window can be opened containing an unknown aluminum
sample spectrum which can then be analyzed by clicking on the unknown peaks
in the spectrum or by comparison to a standard spectrum. The Exit command
allows the user to cancel the Alcan DataBase application. The name of each
opened MDI window (such -as the periodic table window and spectrum
windows) is automatically appended to the end of the File Menu and the

currently selected window is marked with a check mark.

6.2.1.2 Interferences menu

The Interferences menu meludes commands for opening a periodic table
window, showing element windows, viewing a specific interference mass
window, and selecting the spectrum background for either glow discharge or
ICP. This menu is also used to add and/or delete interferences from the
database. All of the commands in the interferences menu can be performed by
using an accelerator method. An accelerator is a keystroke defined by the
database to give the user a quick way to perform a task. For example, a periodic
table window can also be opened simply by pressing "Ctrl + P" on the keyboard.
The definitions of the accelerators are shown in the interferences menu (see Figure

6.3).
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i. Change background

The interference background can be selected by choosing ICP-HC! or Glow
Discharge Item. When hydrochloric acid is chosen as the background, several
types of interferences are listed, such as 'Isobarics’, 'Doubly charged',
'‘Oxides/Hydroxides/Hydrides' (MO/MOH/MH') and 'Matrix dependent’
background. When glow discharge is chosen as the background, the listed
interferences will be: 'Isobarics’, 'Doubly charged’, 'Argides’, 'Dimers’ and 'GD
background'.

ii. View a mass interference window

Choosing View Mass Item will prompt the user to enter a mass value at
which to open a mass window listing the interferences. Since only one mass
window can be opened, the View Mass Item is already turned to the Change Mass

Item. A new mass window will be re-drawn after it is selected.

iii. Add a mass interference

In order to add a particular interference into the current interference file,
chcose Add Mass Item and you will be prompted for the mass, the name, the
isotopic abundance of the species, and its ‘category’. The name of the
interference will be automatically formatted so that all numbers will be printed
as subscripts unless immediately preceded by a '+ sign to indicate a multiply
charged species (e.g. enter Ar(+2)). Note that you cannot add to the 'Isobarics’

category. Any added interferences will automatically be saved to disk.

iv. Delete a mass interference
In order to delete a particular interference from the current interference

file, you must first select the interference to be removed by clicking on it in any
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open interference window and then immediately choosing Delete Mass Item from
the Interferences menu. You will be asked to confirm the deletion, which vill
automatically be removed from the current interference file.  Isobaric
interferences cannot be deleted. Note that if you hold down the shift key before
choosing Delete Mass Item the confirmation step will be skipped.

6.2.1.3 Spectra menu

The Spectra menu allows one to access the standard spectra. Spectra for
five low alloy aluminum standards from Alcan are available (1SCXG, 1SWL,
1SWM, 1SXD and 2SDZ). Both ICP and glow discharge mass spectra for these
standards are stored, and both ICP and GD mass spectra for one specific

standard can be opened and compared.

6.2.1.4 Window menu

Window menu controls the MDI child windows with items such as Tile,
Cascade, Arrange Icons and Close' All. The periodic table window and spectrum
windows belong to the MDI child windows. Each child window has some
characteristics of an overlapped window. It can be tiled (all windows take up all
the available space without overlapping) or cascaded (all windows overlap and
display the title bar of each one). A child window also can be maximized to the
full size of its parent window or minimized to an icon, which sits above the
bottom edge of the frame window. MDI child windows tiled in their main
frame window are shown in Figure 6.4. They never appear outside the borders

of their frame window.



e

o Al an Datotiane

File lmeﬂoremo Spectra Window
i | TR WPMS AL

£ W“W "
i i
ST,

|u ve mamt

T

Figure 6.4  Tiled MDI Child windows in their main frame window



139

6.2.1.5 Help menu
The Help Menu provides the window-sensitive on-line help system for

Alcan DataBase. A help index window is displayed in Figure 6.5. One may get
help by pulling down the Help Menu or directly clicking the right button of the

mouse on a specific window.
6.2.2 Windows

6.2.2.1 Spectrum windows

A spectrum window can be opened by selecting an item from the Spectra
Menu. This menu item contains ICP and GD mass spectra for each standard
sample (see Figure 6.3b). You can scale either of the two axes by double-clicking
on them. Dialog boxes will be presented for the user to set the mass and/or
intensity range. Mass/z (or m/z) value can be displayed on the bottom of the
spectrum window by moving the cursor on the window. Double-<licking
directly on the spectrum itself will open an interference window (or mass
window) for the mass clicked on and, if necessary, will change the selected
interference background to match that of the spectrum. Three spectrum
windows are shown in Figure 6.4 with the cursor pointing at 48 m/z. Normally,
red represents ICP-MS, blue represents GD-MS and black represents a spectrum

read in from disk.

6.2.2.2 Periodic table window

The periodic table window displayed in Figures 6.4 and 6.6 is an interface
leading to the isotopic abundance information of the elements as well as to the
interference data. Isotopic abundance information is provided for 83 elements,

but no isotopic information is available for the 20 elements written in outline
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type (see Figure 6.6). A single-click on an element in the periodic table will
highlight it. Simply doublelicking on the element will open an element
window which contains an isotopic abundance table and a bar graph of the mass

spectrum of the element.

6.2.2.3 Element windows

An element window contains a graph with isotope bars and an isotopic
abundance table for that element. The element windows can also be accessed by
double-licking an element from the periodic table window or alternatively
choosing the View Ele.nent Item under the Interferences Menu and entering the
atomic symbol of a specific element. A nickel element window is shown as an
example in Figure 6.7a. A single-click on an isotope bar will highlight the bar
and the corresponding mass in the abundance table. Double-clicking on either
an isotope bar or its corresponding mass in the table will open an isotope
window listing the interferences at that mass. Figure 6.7b shows 38Ni* isotope
windows for both ICP-HCI and GD backgrounds. You may have any number of

both the element and isotope windows simultaneously open.

Double-clicking on the left vertical axis of the element window will open
a dialog box which will allow you to scale the bar graph's vertical axis to 100%

rather than to the default of the most abundant isotope.

6.2.2.4 Interference windows

Interference windows include a mass window and/or any isotope
windows. The mass window can be opened by double-licking a specific
mass/z position on a spectrum window or alternatively selecting the View Mass

Item under the Interferences menu, while the isotope windows only can be opened
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by double-clicking on isotope bars from an element window (see Figure 6.7).
Both interference windows can show either the isobaric and background
interferences which can be selected for ICP-MS or GD-MS. Figure 6.8 shows the
mass window for mass 51 which displays ICP-MS interferences with HCl
background. The "% abund.” column in the interference window refers to the
percentage natural abundance of the particular interfering species. For example,
75.648% of all ClO has a mass of 51 m/z. It can be seen that hydrochloric acid
(ClO) would interfere with the determination of vanadium in ICP-MS, while

there are no interferences for GD-MS at this mass.

In contrast to MDI Child windows, the element and interference windows
cannot be resized. They may appear outside the borders of the main frame
window or behind the main window. The name of the element and mass
windows can be appended at the bottom of the Window menu. The Bring All To
Top command under the Window menu will bring all of them in front of the main

window.

Printing is not implemented for this database. However, all of the
program’'s windows can be copied to the clipboard simply by pressing 'Print
Screen' function key. After that, it is allowed to paste the image into another

window-program (such as Microsoft Word 2.0) for printing.
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6.3 Conclusions

A computer database has been developed to help manage ICP-MS and
GD-MS spectral data. Alcan DataBase provides the ability to compare and
contrast the different spectral characteristics of ICP-MS and GD-MS, and also has
the capability to assist in the qualitative analysis of unknown aluminum
samples. Various customer spectrum windows can be opened and the data of
the natural abundances has been updated to 1991. Moreover, a window-

sensitive on-line help system for Alcan DataBase is also provided.
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Chapter 7

Analysis of Aluminum and Steel Samples Using Laser Ablation
Inductively Coupled Plasma Mass Spectrometry

7.1 Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) is usually used
for the determination of trace and/or ultra trace amounts of elements in solution
samples. However, direct solid sample analysis techniques using ICP-MS have
been developed in recent years. These include: direct sample insertion (DSI-ICP-
MS) [1-4], glow discharge (GD-MS) [5-9] and laser ablation (LA-ICP-MS) [10-13].
Interaction of laser radiation with a solid may cause ablation, vaporization, and
excitation by processes that depend upon both the characteristics of the laser
beam and the physical properties of the solid. The various species produced,
including particulates, ground-state atoms, excited atoms and ions, have all been
utilized for elemental analysis via atomic absorption (AA), atomic emission
spectroscopy (AES), and mass spectrometry (MS). The advantages of using
lasers for the analysis of solids include little or no sample preparation, resulting
in high sample throughput; application to almost all materials including both
conductors and non-conductors; and high spatial resolution, allowing analysis of
small selected areas. Laser ablation has been combined with AA [14, 15],
microwave induced plasmas (MIP-AES) (16, 17], ICP-AES [18-21), and ICP-MS
[22]. LA-ICP-MS is normally carried out using an external ablation chamber
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which separates the sample introduction from sample atomization, excitation
and ionization in two steps. In external chamber LA-ICP-MS, the sample is first
ablated in the chamber. The laser ablated material could contain atoms and
particles. These are then carried by an argon transport-gas directly into the

plasma where they are atomized, vaporized, excited and ionized.

As the solid is not dissolved, little or no sample preparation is necessary
and the solid is not diluted. The direct analysis of solids can be carried out
without the use of chemical reagents and without the processes of dissolution
and dilution which could introduce contamination or cause loss of the analyte.
As no acid or solvent is used, the polyatomic interferences are less problematic
and contamination effects are unlikely in LA-ICP-MS. Dissolution will also
dilute the low concentrations of the minor elements, lowering the power of
detection. Solution nebulization delivers only a small percentage of the sample
into the plasma whereas direct solid injection with laser ablation sends most of
the sample into the plasma. The strength of LA-ICP-MS for a fast
semiquantitative survey analysis of solids and pressed powders has been
demonstrated [23]. Major and trace elements down to the sub-ppm level can be
directly determined in this way. Sample preparation and any knowledge about
the composition is not necessary. Non-conducting solids such as oxides, and
geological refractory materials can be analyzed by laser ablation. For example,
trace impurities in uranium oxide (U3Og) have been determined using LA-ICP-
MS [24]. Zircon samples containing Hf, Y, Re, Th and U were analyzed by both
laser ablation and solution ICP-MS [25]. A novel surface analytical technique,
resonant laser ablation (RLA), has been investigated by detecting small

quantities of aluminum in NIST SRM steel samples [26]. It has been estimated
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that detection levels down to a few ppm were achievable by RLA-ICP-MS for

aluminum in steel samples.

In this report, an external chamber laser ablation ICP-MS technique is
investigated. Bulk metal samples were ablated and analyzed with this method.
Simultaneously multielement analyses of aluminum and steel samples are
presented with a particular emphasis placed on the utility of the minor isotope

of iron (m/z 57) as an internal standard.

7.2  Experimental

A neodymium laser is a common solid-state ion laser that uses the Nd3+
ion in a host crystal such as yttrium aluminum garnet (YAG), Y;Als0y;. A
Nd:YAG Laser Photonics (12351 Research Pkwy Orlando, FL. 32826) laser was
used to ablate the disk samples. The laser was operated in a pulsed mode. The
typical pulse width was 15 ns with a pulse energy of about 100 mJ/pulse and an
output wavelength of 1.06 um. The pulse repetition rate could be adjusted to 1,
5,10, 15 or 20 Hz.

A schematic diagram of the external chamber laser ablation ICP-MS
system is shown in Figure 7.1. A quartz ablation chamber was used as a site for
vaporization of samples by the laser beam. The jacketed chamber is 35 mm in
diameter and 75 mm in length. The inner tube is about 20 mm in diameter and 5
mm shorter than the outer quartz chamber. The inner diameter of the inner tube
is 17 mm. The disk sample is pressed on the chamber and sealed by an o-ring.
The argon gas is introduced through an inlet tube directly into the inner

chamber and blows across the surface of the sample (see Figure 7.2). A lens with
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a focal length of 10 cm is used to focus the laser beam directly onto the surface of

the sample.

Eight standard aluminum samples from Alcoa and eight NIST SRM steel
samples were chosen for this work. The aluminum samples included three low
alloy and five high alloy Al standards, while the steel samples included four low
alloy steels and four stainless steel samples. Both the aluminum and the steel

samples were in disk form.

A standard SCIEX (Perkin Elmer) Elan Model 250 ICP mass spectrometer
was used for all analyses and data acquisition. A standard length MAK optical
emission ICP torch was used in conjunction with the external ablation chamber.
Compromise conditions of power and central gas flow-rate can be easily
obtained for a range of elements. The flow rate yielding the maximum ion count
for a given power and sampling depth is essentially the same for most elements.
For this work, a sampling depth of 16 mm from the load coil was chosen with a
plasma forward power of 1.3 kW in order to obtain high sensitivity. The aerosol
(central gas) flow-rate was selected at 0.90 L/min, which was controlled by a
Matheson Model 8240-0423 mass-flow controller. The ion lens voltages were a
compromise chosen to cover a large mass range. Typical operating parameters

are summarized in Table 7.1.



Table 7.1 Typical operating parameters for the LA-ICP-MS system
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Plasma—
r. f. forward power
Outer gas flow-rate
Intermediate gas flow-rate
Central gas flow-rate
Mass Spectrometer—-
Sampling depth
Sampler, copper
Skimmer, nickel
Ion Lens Voltage Setting—-
Bessel Box Barrel(B)
Bessel Box Plates(P)
Einzel Lens(E1)
Photon Stop(S2)
Laser---
Nd:YAG laser energy per pulse
Ou put wavelength
Laser pulse width
Focal length of lens

Repetition rate

1300 W
12 L min! argon
1.4 L min! argon

0.9 L min’! argon

16 mm from load coil
0.9 mm orifice

0.8 mm orifice

+ S volts
-21 volts
-20 volts
-23 volts

100 mj
1064 nm
15ns
10cm

15Hz
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7.3  Results and Discussion
7.3.1 Effect of Operating Parameters on Analyte Signals

In order to utilize the technique efficiently and take full advantage of its
capability, it is necessary to know the effect of instrument operating parameters
on analyte signals. The key variables for were found to be the central gas
(carrier gas) flow rate and the forward power. The effect of the central gas flow-
rate on the analyte ion signal for 24Mg*, 58Ni+, 63Cu+ and 120Sn+ at 1.3 kW is
shown in Figure 7.3. Clearly all these elements exhibit similar behavior and the
signal has a relatively sharp maximum value at the central gas flow-rate of 0.9
L/min. The effect of the central gas flow-rate and power on the 55Mn* signal is
itlustrated in Figure 7.4. The power is changed from 0.9 to 1.5 kW, and at all of
the power settings, the element has its maximum signal value at a different
central gas flow-rate. Thus changing the power from 1.3 to 1.5 kW does not

increase the signal level unless the central gas flow-rate is also increased from 0.9

to 1.0 L/min.

It was found that the analyte signals are affected by changing the
sampling depth (the distance from the load coil to the sampling cone). The
effects of the sampling depth on the analyte ion signals for 24Mg*, 55Mn*, 63Cu+
and 208Pb+ at 1.3 kW and 0.9 L/min central gas flow-rate are shown in Figure
7.5. The sampling depth was varied from 15 to 18 mm from load coil. All these
elements show the same behavior and the signal has a maximum value at a

sampling depth of 16 mm from the load coil.
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One of the most important variables for laser ablation is the pulse
repetition rate of the laser. Only transient signals can be obtained when a single
laser pulse is used [10]. The single pulse transient signal mode of operation is
not normally used for quantitative analysis since the precision is limited by the
number of data points acquired over the transient signal for each element to be
determined [10]. The analyte signal can be made to be pserudo-continuous by
raising the pulse repetition rate of the laser. The effects of the Nd:YAG laser
pulse frequency on the analyte ion signals for 24Mg*, 5Mn*, 120Sn+ and 208Pb+ at
1.3 kW, 16 mm sampling depth and 0.9 L/min central gas flow-rate are shown in
Figure 7.6. All of the elements exhibit similar behavior upon increasing the laser
ablation frequency from 1 to 20 Hz. The analyte signals rise with an increase of
the laser ablation frequency. Signal intensity seems to maximize at 15 Hz. The
reason for the drop off 20 Hz is not understood, but perhaps the laser pulse

energy reaching the surface is somewhat reduced at this repetition rate.
7.3.2 Evaluation of Potential Spectral Interferences

The plasma in LA-ICP-MS is a dry plasma in that solvent (i.e. H,O) is not
introduced into the ICP. This should reduced the intensity of many background
species. This has been observed, for example, in direct sample insertion ICP-MS
[3]. The background mass spectrum for the LA-ICP-MS system is shown in
Figure 7.7. Significant signals for background species such as 14N+, 160+, H,0+,
UN16O*, N,*, Oy*, 90Ar14N*+, 40Ar160* and Ar,* are observed in the dry ICP.
Such species remain as air can still be entrained into a "dry" plasma. Because of
these background interferences, some of the key elements of interest in ferrous
metallurgy (Si, S, Ca and Fe) could not easily be determined. For instance, N,*,

O,*, 40Ar+, 90Ar160+ would affect the major isotopes of Si, S, Ca and Fe.
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However, compared to the background spectra measured when aqueous
solutions are nebulized into the plasma, the dry plasma background spectra are
considerably simpler. Primarily due to the elimination of water in a dry ICP
system there is a significant reduction and even elimination of numerous
background species, especially, those containing oxygen and hydrogen. In
addition, compared to the background spectra of GD-MS, the background of LA-
ICP-MS was less complicated since the multiply charged argon species were
absent. Molecular background from sulphur- and/or chlorine-containing
components can be particularly troublesome in solution sample based ICP-MS,
where the use of HCl presents same major potential problems. A chloride-
containing matrix results in the formation of 35CI160+* and 4Ar35Cl+. 35Cl160O+*
interferes with 5'V+ and %0Ar35Cl* interferes with 7As*, respectively. Since no
HCl is used in the dry LA-ICP-MS, there are no such problerﬁ; and that makes it

possible to determine V and As in stainless steel samples.
7.3.3 Qualitative Spectral Scans foi Aluminum Samples

Several segments of a LA-ICP-MS spectrum of a low alloy aluminum
sample (Alcoa SA-909) are shown in Figure 7.8. This sample contains Mg
(0.030), Si (0.061), Ti (0.030), Cr (0.027), Mn (0.031), Fe (0.082), Ni (0.034), Cu
(0.031), Zn (0.030), Sn (0.026) and Pb (0.030). Values in parentheses are wt %.
Signals for all these elements are readily observable although the 285i+ signal is
interfered by Np* or CO* at m/z 28, and the Fe* signal is overlapped with
“0Ar160+ at m/z 56. Moreover, Ga, Zr and perhaps a weak Nb signal can be
observed, which are elements not reported by Alcoa. The presence of Ga and Zr
was observed earlier by GD-MS. However, Nb was absent in the GD mass

spectra. It was obviously present in ICP-MS, where the sample was dissolved
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and diluted to a 0.01% solution. Overall, the LA-ICP-MS spectrum is less
complicated than either GD-MS or solution based ICP-MS. In particular, neither

element-argide nor element-oxide species are observed in LA-ICP-MS.

7.3.4 Qualitative Spectral Scans for Steel Samples

Spectra for a NIST low alloy steel sample (1261) are shown in Figure 7.9
and 7.10. The spectra in Fig 7.9 and 7.10 illustrate the signal levels for several
constituents of the steel sample (see Table 7.2). Essentially all elemental
components can be observed including the rare earth elements with
concentrations in the 4 pg/g range. Compared to GD-MS, almost no element-
argide and dimer can be found in LA-ICP-MS. However, only a very low level

of mono-oxide such as 5¢Fel60+* and 56Felé0O+ was observed in Figure 7.10a.

Table 7.2 Composition of NIST SRM 1261 low alloy steel

Element | Composition | Element | Composition | Element | Composition
(%, by weight) (%, by weight) (%, by weight)

Ag 0.0004 La 0.0004 S 0.015

Al 0.21 Mg 0.0001 Sb 0.0042

As 0.017 Mn 0.66 Si 0.223

B 0.0005 Mo 0.19 Sn 0.011

Bi 0.0004 Nb 0.022 Ta 0.02

C 0.39 Nd 0.0003 Te 0.006

Ce 0.0013 Ni 1.99 Ti 0.020

Co 0.032 P 0.15 \ 0.011

Cr 0.69 Pr 0.00014 w 0.017

Cu 0.042 Pb 0.00025 Zr 0.009
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7.3.5 Quantitative Analysis

Laser ablation ICP-MS can be used for quantitative analysis and for
semiquantitative screening applications. The accuracy that can be achieved in
quantitation depends, to a large extent, on the availability of external standards
and on the ability to perform internal standardization {27]. Several factors may
cause variation in the amount of sample ablated and the observed signal. They
include pulse-to-pulse variation in laser energy, defocusing of the beam during
ablation or upon changing the sample, and differences in physical properties
between samples. The first factor should not be too important due to the
reasonable (~5%) reproducibility of Nd:YAG laser. A slow decline in signal may
occur because of the gradual defocusing of the laser beam by hole-drilling.
Continuous and steady signals were obtained at a 10 Hz repetition rate by using
a small stepper motor to translate the sample back and forth along a single axis
[10]. Thus, the problem of defocusing of the laser beam can be solved. In this
experiment, a disk sample was fixed without translation and ablated at 15 Hz
repetition rate. A short-term (4 minutes) 208Pb+ signal from SA-909 low alloy
aluminum was acquired with a integration time of 250 ms for each point and
compared at 10, 15 and 20 Hz laser ablation repetition rates (see Figure 7.11). In

terms of sensitivity and stability, the best signal was obtained at the 15 Hz rate.

Internal standardization should be used in LA-ICF-MS to correct for
systematic and sample-to-sample variations in the signal. A primary advantage
of this approach is that knowledge of the absolute amount of sample ablated is
not required. Because of the solid sample form in LA-ICP-MS, the choice of an
internal standard is restricted, as one is generally limited to a component of

known composition or a minor isotope of a major component. This is workable
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for steel samples where 57Fe* might be used as an internal standard since iron is
the matrix element in steel samples. However, there are some limitations for
aluminum analyses because aluminum is monoisotopic. As aluminum is the
major element in the samples the signal for 27Al* is too strong and overanges the
dynamic range of the detector and detector electronics. For this study, since the
samples were known standards, Fe was chosen as the internal standard for the
aluminum analyses. For both aluminum and steel standards, in this experiment,
57Fe* the minor isotope of iron gave 57Fe* signals of 103-105 counts/s. Moreover,
there is no significant interferences from either background or analyte species at
m/z 57. For quantitative analysis, signal intensities for bcth aralytes and internal

standard were acquired with a signal integration time of 2 s for each mass.

7.3.5.1 Aluminum Alloys

A group of calibration curves was established by using both low and high
alloy aluminum standards from Alcoa for the determination of 2#4Mg*, 48Tiv,
55Mn+, 58N+, 63Cut and 66Zn*. Seven standards named SA-909, SA-1170, SA-
1169, 55-356-B, S5-A132AA, S5-D132-A and SS-319E were used to plot the
standard curves. The composition of the components for Alcoa standards was in
the range of 0.03% to 1.3% for magnesium, 0.03% to 2.5% for nickel and 0.03 to
3.8% for copper, and the slopes of the log-log plots for the standard curves were
usually in the range of 0.99 to 1.1. Examples of four standard curves for 24Mg*,
55Mn*, 63Cu* and 66Zn* with 57Fe* as the internal standard are presented in
Figure 7.12. The slopes of the log-log plots in Figure 7.12 are 0.99, 1.00, 1.00 and
0.99, respectively. A high alloy aluminum SS-360-C was analyzed as an
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"unknown" sample. The results listed in Table 7.3 show excellent agreement

with the certified values. The precision data were obtained based on n=4.

Table 7.3 Results for the analysis of SRM S5-360-C high alloy aluminum
Element Certified Value (%) Result (% + s) % rsd

Mg 0.52 0.563 + 0.023 4.1

Ti 0.079 0.084 + 0.003 4.1

Mn 0.22 0.219 + 0.007 3.2

Ni 0.26 0.269 + 0.009 34

Cu 0.31 0.332 + 0.018 5.5

Zn 0.25 0.257 + 0.007 2.7

7.3.5.2 Steel Samples

LA-ICP-MS was also applied to the quantitative analysis of steel samples.
Both low alloy and stainless steels were analyzed. The calibration curves were
established using NIST low alloy steel standards 1261, 1263 1264, and stainless
steel standards 1155, 1171, 1172, and 1185. The low alloy steels contain 94% to
97% iron and more than 20 minor or trace elements. However, the stainless
steels only contain 60% to 70% iron, 17% to 18.5% chromium, 11% to 13% nickel,
1% to 2% manganese and about 2% molybdenum in some particular standards.
The slopes of the log-log plots for the calibration curves were usually in the
range of 0.99 to 1.1 except the slope of the plot for 58Ni+ which was below 0.90.
The minor isotope of the iron (58Fe*) affected the signal of 58Ni+ for low alloy
steel samples, so that the log-log plot of 58Ni+ was curved at low concentrations.
It was possible to do the correction by subtracting the signal intensity from iron
at mass 58. The subtraction value is determined based on the isotope abundance
ratio of 58Fe+/57Fe+ (0.28/2.20) and the signal intensity of 57Fe* measured in the

experiment. Two calibration curves for 58Ni* with 5’Fe* as an internal standard
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before and after the correction are shown in Figure 7.13. In order to avoid the
interference from iron, on the other hand, the signal for ©Ni* could be utilized
to establish the calibration curve. Examples of four calibration curves for 52Cr+,
55Mn+, 60Nj+ and %Mo+ with 57Fe* as the internal standard are also illustrated
in Figure 7.14, where the calibration curve for €¥Ni+ did not need correction. The
slopes of the log-log plots in Fig 7.14 are 1.03, 1.04, 0.99 and 1.09, respectively.
Low alloy steel NIST 1262 was analyzed for the metal elements as an "unknown"
sample. The results are summarized in Table 7.4 and the standard deviations for

the results were calculated based on n=4.

Table 7.4 Results for the analysis of NIST SRM 1262 low alloy steel

Element | Mass Certified Value (%) Reu:iis (% + ) % rsd
Ti 48 0.084 0.0844 + 0.0029 3.5
\% 51 0.041 0.0394 + 0.0019 4.7
Cr 52 0.30 0.303 + 0.012 4.0
Mn 55 1.05 1.010 + 0.016 1.5
Ni 58 0.60 0.560 + 0.019 3.3
Ni 60 0.60 0.660 + 0.0033 5.0
Co 59 0.30 0.299 + 0.007 24
Cu 63 0.51 0.526 + 0.016 3.1
As 75 0.092 0.0938 + 0.0046 4.9
Nb 93 0.30 0.294 +0.012 4.0
Mo 98 0.070 0.0752 + 0.0034 4.5
Sb 121 0.012 0.0120 + 0.0004 3.3
W 184 0.21 0.221 + 0.005 2.3

7.3.6 Evaluation of Memory Effects

Memory effects for LA-ICP-MS were checked using the high alloy aluminum
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SS-319E and the low alloy aluminum SA-1507 standards. The samples were run in
the sequerice high alloy, low alloy, and then blank where no sample was ablated and
introduced into the plasma. Strong signal levels for 24Mg*, 48Ti+, 55Mn*, 57Fe*,
60Nj+, 63Cu* and #Zn* ions were obtained in the first run. However, very weak
signals were observed in the second run, when essentially pure aluminum was
ablated. Only low level noise signals could be seen in the third run where no sample
was ablated. The results are summarized in Table 7.5. Based on the data presented
in this table there seems to be no significant memory effect present from run to run.
Therefore, it is not necessary to clean the quartz chamber and the tubing for each
run. It was usually cleaned every few days. The blank signal for 55Mn seems a little
bit higher than the rest of the elements (110 counts/sec) since it was affected by the

background signals ArN*and ArO*.

Table 7.5 Results of memory effects check for external chamber LA-ICP-MS

Run First Run Second Run Third Run
(High Alloy SS-319E ) (Low Alloy SA-1507) (Blank)

Element | Mass | % C Intensity c/s % C Intensity ¢/s | Intensity c/s

Mg 24 0.18 13,900 < 0.0002 40 12

Ti 48 0.10 17,000 0.001 100 12

Mn 55 0.58 190,000 < 0.0002 200 110

Fe 57 0.68 4,000 0.001 90 20

Ni 60 0.20 8,000 < 0.0002 60 15

Cu 63 3.83 400,000 0.0013 300 55

Zn 66 0.35 10,000 0.001 25 12

7.3.7 Comparison to GD-MS

GD-MS has also been used for the quantitative analysis of both low alloy and
stainless steels in the solid form [28, 29]. Both GD-MS and LA-ICP-MS are direct
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methods for the analysis of steel samples in a dry plasma. Thus, the signal level of
metal oxides could be very low in both GD-MS and LA-ICP-MS. Shao and Horlick
reported that :netal oxides such as %Fel6O*, %0Zr160+, 93Nb1€O*, 181TaléO* and
W160+ were observed in steel spectrum of GD-MS [29]. However, these oxides
could hardly be found in LA-ICP-MS except two very weak peaks at 70 and 72 m/z
(see Figure 7.10a) that might arise from the isotopes of iron oxide (51FeléO* and
S6Fel60+). The argon induced background spectrum for GD-MS seems more
complicated than that for LA-ICP-MS. A group of metal argides such as 56Fed0Ar+,
52Cr40Ar+ (0.03%) and 58Ni40Ar+ (0.04%), and the multiply charged argon species
such as 40Ar2+ were reported in GD-MS [29], but they were absolurely absent in LA-
ICP-MS. Furthermore, metal dimers such as 52Cr,* (0.0005%) and 36Fe,* (0.0002%)
which correspond to Ru and Pd isotopes at m/z 104 and a Cd isotope at 112 m/z
could be observed in GD mass spectrum {29], while nc such problem could be found
in LA-ICP-MS. Compared to GD-MS, moreover, LA-ICP-MS is a fast analytical
method without the pre-burning procedure which is necessary for GD-MS [29].
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74 Conclusion

Among the known techniques of direct solid sampling such as DSI, GD,
electrothermal vaporization (ETV) and laser ablation (LA), LA-ICP-MS offers
significant potential for the direct analysis of solids. External chamber laser ablation
ICP-MS can be used successfully for the analysis of both aluminum and steel so'id
samples. It has been shown that the method is quite simple, rapid and effective, and
matrix effects and memory effects are minimal. Such a system is applicable to the
direct quantitative and qualitative analysis of metallic solid samples. The spectral
complexity of LA-ICP-MS spectra seem to be on a par with GD-MS spectra, and tend
to be much simpler than solvent-based ICP-MS, since no meral mono-oxides were
observed in spectra for this dry plasma. Thus a quadrupole-based mass
spectrometer is adequate for most analytical determinations. Internal
standardization is very important in quantitative analysis. A minor isotope of iron
(57Fe*) was chosen as the internal standard for analysis of both aluminum alloy and
steel samples. The limitations of the LA-ICP-MS include that the laser is expensive,
and that the knowledge of the iron composition in both standards and samples is

necessary for the purpose of the internal standardization.

It is possible to perform semi-quantitative analysis for non-conducting
samples such as macor, glaze, ceramics and porcelain. There are quite a few
elements of possible interest in these non-conducting samples, but the composition is
unknown in detail. A qualitative survey of the non-conducting samples including
macor, glaze and a porcelain dish with LA-ICP-MS was carried out and will be

presented in the next chapter.
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Chapter 8

Analysis of Non-Conducting Materials Using Laser Ablation
Inductively Coupled Plasma Mass Spectrometry

8.1 Introduction

Both glow discharge-mass spectrometry (GD-MS) and external
chamber laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) can be used successfully for the analysis of both aluminum and steel solid
samples. It has been shown that these methods are quite simple, rapid and
effective, and matrix and memory effects are minimal. Such systems are
applicable to the direct quantitative and qualitative analysis of metallic solid
samples. However, there is some difficulty for dc GD-MS in the analysis of non-
conducting materials since the sample must be used as a cathode. Methodology
has been developed for the analysis of non-conducting powders or oxide
samples by dc GD-MS [1]. The mixing of an oxide powder with a conducting
host matrix (1:9) allows pressing of a sample pellet for glow discharge
sputtering. Several conducting matrices including graphite, copper, silver, iron,
aluminum and tantalum have been studied for analysis of non-conducting
materials using GD-MS [2]. Different configurations of glow discharge sources

were used for the analysis of powder materials. Geological and related



181

materials were sputtered with a hollow cathode plume [3] and a grimm-type
glow discharge lamp [4]. Glass samples could also be sputtered by using a
secondary cathode glow discharge [5]. Furthermore, radio frequency generated
plasma discharge atomization/ionization sources [6-8] have also been

introduced for direct non-conducting solid sampling GD-MS.

However, time is consumed in preparing and compressing the sample pellets
for dc GD-MS. More impurities might be introduced into the GD system
because of the addition of the conducting host matrix which makes the
background spectrum more complicated. Time for pre-sputtering the sample is
also necessary for GD-MS analysis. Among the known techniques of direct solid
sampling of insulators such as DSI, GD, electrothermal vaporization (ETV) and
laser ablation (LA), LA-ICP-MS is a simple, rapid and effective technique which
is capable of ablating non-conducting samples such as macor, glass, ceramics,
glaze, porcelain, oxides, and geological refractory materials. Sample preparation
and knowledge about the composition is not required. The strength of LA-ICP-
MS for a fast semiquantitative survey analysis of solids and pressed powders has
been demonstrated [9]. Major and trace elements down to the sub-ppm level can
be directly determined in this way. Non-conducting solids such as oxides and
geological refractory materials can be analyzed by laser ablation. For example,
trace impurities in uranium oxide (U3;0g) have been determined using LA-ICP-
MS [10], and elements such as Hf, Y, Re, Th and U in zircon samples have been
determined by both laser ablation and solution based ICP-MS [11]. In this
report, non-conducting solids such as macor, porcelain and glaze samples were

analyzed by external chamber laser ablation ICP-MS.
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8.2 Experimental

A Nd:YAG Photonics (12351 Research Pkwy Orlando, FL 32826) laser was
used to ablate non-conducting samples. The laser was operated in a pulsed
mode. The typical pulse width was 15 ns with a pulse energy of about 100
m]/pulse and an output wavelength of 1.06 um. The pulse repetition rate used

in this experiment was 1 Hz.

The external chamber laser ablation ICP-MS system is shown in chapter 7.
A quartz ablation chamber was used as a site for vaporization of non-conducting
samples by the laser beam. The jacketed chamber is 35 mm in diameter and 75
mm in length. The inner tube is about 20 mm in diameter and 5 mm shorter
than the outer quartz chamber. The inner diameter of the inner tube is 17 mm.
The sample was pressed on the chamber and sealed by an o-ring. The argon gas
was introduced through an inlet tube directly into the inner chamber and blows
across the surface of the sample. A lens with a focal length of 10 cm was used to

focus the laser beam directly onto the surface of the non-conducting sample.

A macor sample, a porcelain sample and eight glaze samples were chosen
for this work. They were ablated using the Nd:YAG laser with the external
quartz chamber. The vaporized sample was directly introduced into the ICP and
detected by the quadrupole-based mass spectrometer. The porcelain sample was
a dish. The dish-clay was covered with three different types of glazes: white
glaze, yellow glaze and grey glaze. The glaze samples which were square in
shape have eight different colors The thickness of the glaze layer was about 0.1
mm. Each glaze and the dish-clay were ablated and analyzed separately. The

glazes were ablated at a 1 Hz repetition rate because of the thickness of the
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glazes on the porcelain dish clay so as not to ablate through to the underlying
clay.

A standard Perkin Elme. /SCIEX ELAN Model 250 ICP mass spectrometer
was used for all analyses and data acquisition. A standard length MAK optical
emission ICP torch was used in conjunction with the external ablation chamber.
Compromise conditions of power and central gas flow-rate can be easily
obtained for a range of elements. The flow rate yielding the maximum ion count
for a given power and sampling depth is essentially the same for most elements.
For this work, a sampling depth of 16 mm from the load coil was chosen with a
plasma forward power of 1.3 kW in order to obtain high sensitivity. The aerosol
(central gas) flow-rate was selected at 0.90 L/min, which was controlled by a
Matheson Model 8240-0423 mass-flow controller. The ion lens voltages were a
compromise chosen to cover a large mass range. Typical operating parameters

are summarized in Table 8.1.

8.3  Results and Discussion
8.3.1 Evaluation of Potential Spectral Interferences

LA-ICP-MS is a direct solid sampling technique, and no solvent (i.e. H,0O)
is introduced into the plasma. Primarily due to the elimination of water in a dry
ICP system there is a significant reduction and even elimination of numerous
background species, especially, those containing oxygen and hydrogen. As
shown in Chapter 7, the background spectrum was quite simple The
background interferences including 14N+, 160+, H,0O*, 14N160+, N,*, O,*,

40Arl4N+, 40Ar160+ and Ar,* might arise from impurities in the argon gas and



Table 8.1

Typical operating parameters for the LA-JCP-MS system
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Plasma—
r. f. forward power
Outer gas flow-rate
Intermediate gas flow-rate
Central gas flow-rate
Mass Spectrometer:--
Sampling depth
Sampler, copper
Skimmer, nickel
Ion Lens Voltage Setting—-
Bessel Box Barrel(B)
Bessel Box Plates(P)
Einzel Lens(E1)
Photon Stop(S2)
Laser---
Nd:YAG laser energy per pulse
Output wavelength
Laser pulse width
Focal length of lens
Repetition rate

1300 W
12 L min‘l argon
1.4 L min! argon

0.9 L min-! argon

16 mm from load coil
0.9 mm orifice

0.8 mm orifice

+5 volts

-21 volts
<20 volts
-23 volts

100 m]
1064 nm
15ns
10cm

l1and 5Hz
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entrainment of air in the 10-mm gap between the end of the ICP torch and the tip
of the sampler orifice. The levels of these background species were reduced by
one order of magnitude compared to those obtained by nebulization of aqueous
solutions. Especially, the signals of hydrides and hydroxides were much less
intense than those obtained from solution-based ICP-MS. Some of the key
elements of interest in non-conducting samples such as Si, S, Ca and Fe could not
easily be determined since Nj*, O,*, ®°Ar+* and 40Ar!60+ would affect the major

isotopes of these elements.

8.3.2 Qualitative Spectral Scans for Non-Conducting Samples

8.3.2.1 Macor Sample

A group of mass spectra for a macor sample are displayed in Figure 8.1.
Seventeen elements were observed in this sample (Table 8.2). Four major
components found in the macor sample are Mg, Al, Si and K since their signal
levels are very strong (>106, see Figure 8.1a). The medium components such as B,
Na, Fe and Sn are less intense, and the rest of the elements such as Ti, Mn, Cu,
Ga, Rb, Sr and Zr, etc. are at the trace level. The continuous signals of #Mg*,
11B+, 56Fe* and 120Sn+ obtained by laser ablation of the macor sample are shown
in Figure 8.2. The data were acquired when the sample was ablated with 5 Hz
repetition rate laser and the measurement time for each point was 250 ms. The
signals appear continuous and constant over a period of 4 minutes. However,
the signals will decay as the ablation cavity deepens. A sample translation

method is necessary in order to avoid the decline of the signals [12].
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8.3.2.2 Porcelain Sample

A set of mass spectra for the yellow glaze on the porcelain dish sample
are shown in Figure 8.3. Twenty-eight elements were found in the porcelain
sample (Table 8.2). The intense signal of some elements suggests that Al, Si, Ti
and Sn are the major elements in this glaze. Metal mono-oxides and metal
argides could not be observed in these mass spectra. The dish sample including
the dish-clay and three glazes contain high amounts of silicon and aluminum,

while the glazes also contain large amounts of Ti and Sn besides Si and Al.

_'I_'.able 8.2 Signal levels of elements in porcelain sample and macor sample.
Signal Dish-Clay Grey Glaze | Yellow Glaze | White Glaze | Macor
Levels Sample
High Al,Si Al, Si, Ti, | AL Si, Ti,Sn | Al,Si, Ti, Sn | Mg, AL, Si, K
>106¢/s Sn
Medium Na, Mg, Ti, | Mn, Zn Na, Fe Na, Zn B, Na
High Fe, Ba
105-106¢/s
Medium Rb, Sr, Zr Na, Mg, Fe, | Mg, Ba, Zn, | Mg, Fe, Ba, | Fe, Sn
104-105¢/s Ba B Rb
Medium Li, V, Cr,|Rb, Zr, Cs,|Li,Cs,Sr, Zr, | Mn, Cs, Ce, | Ti, Mn, Cu,
Low Mn, Zn, Ga, | Ce, Pb Nb, La, Ce, | Pb Ga, Zr
103-104c/s | Y, Nb, Cs, Pb

La, Ce, Pr,

Nd, Pb
Low B,Sn, T, Bi {Li, B,Sr, Y,|V,Cr, Ga, Y, | Li, B, Sr, Zr, | V, Cr, Rb, Sr
<103¢c/s Nb, La, Pr, | Pr, Nd Y, Nb, La,

Nd Pr, Nd

Five different signal levels of elements in both macor and porcelain

samples are listed in Table 8.2. High signal level means a major amount of the
analyte in the sample (signal intensity greater than 106 counts/s), while medium

high represents a signal intensity in the range of 105-106 counts/s, medium in the



1.0 (a)

o3 JTitanium

0.6

x10°

0.4

0.2

0.0

48 52

15x10°

10

Intensity, counts/s

vvrveeyg

88 90 92 94 96

145

135 140

Figure 8.3

x10’

x10®

150

140 (b/

120 Fe*
100
80
60
40
20

189

n’

Zn'

110 112 114 116 118 120

Lead

M/Z

LA-ICP-MS spectra of the yellow glaze on a porcelain dish

sample with 1 Hz repetition rate of the Nd:YAG laser

122 124

208 209



190

range of 104-105 and medium low in the range of 103-10* counts/s. Low signal
level means that the elements are at the trace level (signal intensity is below 103
counts/s). Semi-quantitative estimation can be roughly carried out for the non-
conducting samples. Normally, the amount of the element is greater than 10%
when the signal intensity is greater than 106 counts/s, while 1-10% composition
has a signal intensity in the range of 105-106 counts/s, 0.1-1% in the range of 104-
105 counts/s and 0.01-0.1% in the range of 103-104 counts/s. Low signal level
means that the elements are at trace level (<0.01%) and the signal intensity is
below 103 counts/s. The signal levels of some elements such as Fe and Mn are
quite different among these glazes. As a result, the different colors of the glazes

could arise from Fe in the yellow glaze, Mn in the grey glaze and Zn in the white

glaze.
8.3.2.3 Glaze Samples

A number of mass spectra for the white glaze sample (#2) are shown in
Figures 8.4 and 8.5. Thirty-two elements were found in this glaze sample. The
intense signal of some elements suggests that Al and Si are the major elements in
this glaze. The rare earth elements such as La and Ce and heavy elements such
as Hf and Pb can also be found (Figures 8.5b and 8.5c). The major components
of the eight different color glazes are sodium, aluminum and silicon. The
different colors of the glazes could arise from Mn and Co in the black glaze (#1),
Zr and Zn in the white glaze (#2), Cu in the blue glaze (#4), Ni and Co in the
grey glaze (#5), Cu and Fe in the green glaze (#6), Fe in the brown glaze (#7) and
Ba and Fe in the creamy glaze (#8). A bar graph for the relative signal levels of
eight elements in these glaze samples is shown in Figures 8.6. The signal levels

of these elements are quite different among these glazas. That is why the glazes



191

b) /ﬂ
400 aN.' uM "

400
300 300
e =
" 200 " 200
100 100
0 0
6 8 10 12 22 23 24 28 84 36 38 90 92 94 96
600x10’ o'
© / o .
[ 2 IR Cu
s00 Cu
- $1_+v 88+
% 400 Mn
H O .
o Fe
3-' 300
E ‘Oznv
] 200 /
2
100
P
o T v v v Yj "‘V v v I v v v v I v
45 0 ss 60 6S 70 78
M/Z
Figure 8.4 LA-ICP-MS spectra of a white glaze sample (#2) with 1 Hz

repetition rate of the Nd:YAG laser



192

luteusity, ceusnts/s

130 138 140 148 150

8000(c) Hafnium 100 4(d) Lead
§ 000 50
[]
g . &
3 S
5. 4000 ]
¥ 40
2
2000
20
0 0
172 176 180 184 203 204 205 206 207 208 209
M/Z
Figure 8.5 LA-ICP-MS spectra of a white glaze sample (#2) with 1 Hz

repetition rate of the Nd:YAG laser



Relative Signal Intensities

08

0.7 4

06 —

1o Niso
1 Zn.64

B Ti48
B Mn.55
Bl Co.59

B Cu63

) Zr90
BER Fe 56

0.5 ——
04 -
0.3 —

o2 -

0.1 -

0.0 -

1 2 3 4 5 6

Glaze Samples

Figure 8.6  Relative signal levels of elements in glaze samples



194

show different colors. The relative signal intensities were obtained as the signal

intensity ratio of the analytes to silicon at m/z 28. Elements found in these eight

glaze samples for five different signal levels are also listed in Table 8.3.

Table 8.3 Signal levels of elements in the glaze samples with 1 Hz Nd:YAG LA-ICP-
MS
Glaze High Medium High | Medium Medium Low Low (Trace)
Samples > 106¢/s | 105-106 c/s 104-105 ¢/s 103-104 c/s <103 ¢c/s
#1(Black) Si Na, Al, Mn, B,C,Mg, Ti, |LiSr Zr,Sn, |V,Cr Ni, As,
Co, Cu Fe,Zn,Rb, Ba | Cs, Pb Nb, Sb, Ga,
La, Ce, Pr, Bi
#2(White) Al Si Na, Mg, Cu, B,C, Ti,Mn, |Li,V,Sr, Sn, Pr, Bi, Cr, Ni,
Zn, Zr, Pb Fe, Rb, Ba Sb, Cs, Ce, Hf | Co, Ga, As, La
#3(Turquoise) Na, Al, Si C, Mg, Mn, Li, B, Ti, Zn, V, Cr, Ga, La,
Fe, Cu, Ba Rb, Sr, Sn, Pb | Ce, Cs, Nb, Zr,
Co, Bi
#4(Blue) Si Na, Al,Fe,Cu | C, Mg, Ti, Li, B, Rb, Sr, V, Cr, Ga, Ni,
Mn, Co, Zn, Sn, Hf, Pb Nb, Cs, Ta, W,
Zr,Ba Bi, La, Ce, Pr,
Nd
#5(Grey) Na, Al, Si, Ni, | C, Mg, Ti, Fe, | Li, B,Mn,Rb, |V, Zr, Nb, Sn,
Co, Zn Cu, Ba Sr,Cr, Pb Cs, Ta, W, Bi,
Ga, La, Ce, Pr,
Nd
#6(Green) Na, Al, | Mg.Ti, Fe Li,B,C,Mn, | V,Cr, Co,Zr, [ Ni,Ga, As,Cs,
$1,Cu Zn, Sr, Ba Rb, Ce, Pb Nb, Sn, La, Ce,
Pr, Nd, Hf
#7(Brown) Si, Fe Na, Mg, AL, Ti{ B,C,Mn,Cu, |Li, V,Cr, Zr, Ni, Co, Ga, As,
Zn, Rb, Sr, Ba, | Nb Sn, Cs, Ce, | Sb, La, Pr, Nd,
Pb Ta Hf, W, Bi
#8(Creamy) Al Si Na, Fe, Ba C,Mg,Ti,Cu, { Li, B,Mn, V, Ni, Co, Ga, Cs,
Cr, Zn, Rb, Sr, | Nb, Pr, Nd, Hf,
Zr, Sn, La, Ce, | Ta, W, Bi

Pb

It is possible to perform semi-quantitative analysis for non-conducting

samples such as macor, glaze and porcelain. There are quite a few elements of

possible interest in these non-conducting samples, but the composition is unknown
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in detail. It is important to get the signal intensities from a set of standards first.
The instrument response factors for all elements could be calculated and stored in
the instrument computer, after correcting for ionization energy and isotopic
abundance, and then used to provide calibration sensitivities for elements not in the

original standard [13].

84 Conclusion

A qualitative survey of non-conducting samples including macor, glaze and a
porcelain dish with LA-ICP-MS was carried out and is presented in this chapter.
The glaze samples were ablated with a 1 Hz repetition rate of a Nd:YAG laser since
the glaze layer was quite thin. External chamber laser ablation ICP-MS can be used
successfully for the analysis of both macor and glaze samples. It has been shown
that the method is quite simple, rapid and effective, and matrix effects and memory
effects are minimal. Such a system is applicable to the direct qualitative and semi-
quantitative analysis of non-conducting solid samples. The spectral complexity of
LA-ICP-MS spectra seem to be on a par with GD-MS spectra, and tends to be much
simpler than solvent-based ICP-MS, since no metal mono-oxide can be observed in
spectra for this dry plasma. Thus a quadrupole-based mass spectrometer is

adequate for most analytical determinations.
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Chapter 9

Conclusions and Future Directions

9.1 Conclusions

Among the known techniques for direct solid sampling such as direct
sample insertion (DSI), glow discharge (GD), electrothermal vaporization (ETV)
and laser ablation (LA), GD-MS and LA-ICP-MS offer significant potential for
the direct analyses of solids. GD-MS has been available commercially for several
years [1] and many of its features and limitations have been documented. Itis a
very sensitive technique with detection limits in the low parts-per-billion range
[2] and the calibration curves are linear over 4-5 orders of magnitude. GD-MS is
now well established for the direct analysis of conducting solid samples such as
metals and alloys [3, 4] with little or no sample pre-treatment. The spectra are
much simpler than optical emission spectra, and the majority of elements can be
detected. The mass spectrum is responsive to both metallic and nonmetallic
elements and minimal matrix effects have been observed. It provides a rapid
qualitative scan of almost all elements in the periodic table and offers a wide
dynamic range on the order of 10° for simultaneous multielemental
determinations of major to trace or ultra-trace constituents. Quantitative
analysis is possible with the application of internal standardization and/or
relative sensitivity factors (RSF) since the sensitivities are generally uniform for

most elements [2].
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Both GD-MS and Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) have been successfully applied for the determination of trace amounts of
elements in low alloy aluminum, low alloy steel and stainless steel samples [3-5].
An investigation was carried out by comparing both background and analyte
spectral features between solution based ICP-MS and GD-MS with respect to the
analysis of low alloy aluminum. By using ICP-MS, the samples were dissolved
and analyzed as 0.01% Al solutions, whereas the samples were directly analyzed
in a solid form by using GD-MS. Due to their different sampling methods,
however, different spectral characteristics between ICP-MS and GD-MS were
noticed. The interesting results include the higher basic background species
originating from solvent and air in ICP-MS, formation of argides, dimers of
argon and multiply charged argon ions in GD-MS, and the different intensity
ratios of some elements observed between ICP-MS and GD-MS. It is also
important to point out that even though dissolution involves dilution of the
analyte by 100 to 10,000 fold when 1-0.01% sample solutions are prepared, ICP-
MS still will have comparable or superior detection limits when referenced back
to the solid composition; a consequence of the 1-10 pg/mL range of detection

limits for ICP-MS vs. the 1-10 ng/g detection limits currently typical for GD-MS.

Laser ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-
MS), another different solid sampling method, was also used to determine
elements in both the aluminum alloy and stainless steel samples. A Nd:YAG
iaser was used to ablate disk samples and a quartz external chamber functioned
as a site for vaporization of samples by laser ablanor.. This system is applicable
to the direct qualitative and quantitative analyses of metallic solid samples, as
well the direct qualitative and semi-quantitative analyses of non-conducting

materials. The spectral background character of LA-ICP-MS seems to be on a
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par with GD-MS and is much simpler than solvent-based ICP-MS. Although
significant intensities for background species such as 14N+, 160+, H,O*, N0,
N,*, O,*, Arl¢N+, ©Ari¢0O* and Ar,* were observed in the dry ICP, the signal
levels of these interfesences were much lower than those in solution based ICP-
MS. The signal levels of hydrides such as NH*, OH*, OH;*, N,H*, NOH* and
ArOH* were extremely low and even absent in LA-ICP-MS. On the other hand,
the most important difference in spectral features between ICP-MS and GD-MS
is the existence of metal argides in GD-MS. AlAr* can be observed clearly in
GD-MS but not in ICP-MS. The leve! of the argides in GD-MS is in the range of
0.01-0.1%. Other argon species including argon dimers and multiply charged
argon species can be found in GD-MS. However, the signals of argon dimers are
much stronger in GD-MS than those in ICP-MS. The multiply charged argon
species (Ar2+, Ar3+, Ar*, Ar5* and even Aré* ) are present in GD-MS, but they
are absolutely absent in ICP-MS.

In addition to the interferences from the background, the interferences
arising from hydrochloric acid could be observed, and the metal oxides (MO)
could not be avoided in solution aspirated ICP-MS. Signals of 51V+ and 75As*
can be interfered by the presence of 35CI'60* and %°Ar35Cl*, while no such
problem exists in GD-MS and LA-ICP-MS. It has been reported that the oxide
levels in ICP-MS are in the range of 0.1-2.5% [6] and the rare earth elements form
particularly strong oxides [7). For steels, potential spectral interferences can
occur as a result of FeO and FeOH formation in the plasma and an FeO/Fe ratio
of 0.5% has been reported [5]. Under optimum conditions for controlling oxide
levels, CeO+/Ce* ratios of 2.5% and 2% [8] have been obtained. Consequently,
the oxides of La, Ce, Pr and Nd are all readily observed in ICP-MS. Moreover,

the oxides of Mo, Ta and W were also observed in analysis of steels using ICP-
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MS [2). These oxides can result in serious spectral interferences for the
determination of some trace elements in steels. For a dry plasma, however, the
signal level of the mono-oxides is much lower in GD-MS and they could hardly
be found in LA-ICP-MS. That is one of the most important advantages for direct

sample analysis.

Both GD-MS and LA-ICP-MS are direct sampling techniques which have been
successfully applied for the determination of trace amounts of elements in both low
and high alloy samples including aluminum and steels. Compared to ICP-MS and
GD-MS, LA-ICP-MS is a simple, rapid and effective analytical method with minimal
matrix effects and memory effects. No dissolution or pre-sputtering steps are
required with LA-ICP-MS. Solution based ICP-MS typically requires dissolution of a
sample which consumes time and may lead to contamination. However, GD-MS
also has time-consuming steps involving sample form fabrication and pre-
sputtering, especially for aluminum samples. Certainly some contamination is
possible during fabrication although the pre-sputtering step should minimize
surface transferred contamination. Because of difficulty in the dissolution of silicon
in the samples, only low alloy aluminum samples were analyzed with solution
based ICP-MS. On the other hand, a laser is expensive, while use of a glow
discharge device is economical since less argon gas is consumed for GDs than that

for ICPs.

9.2 Future directions

Non-conducting materials such as compacted powder samples can be
analyzed with GD-MS, solution residues can be deposited onto the surface of an

appropriate conducting electrode (high density pyrolytic graphite or vitreous
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carbon electrodes) and sputtered in a glow discharge and analyzed with GD-MS
[1] and solution sample can also be injected into a hollow cathode and analyzed
with GD-MS. Some work is even under way in developing direct solution
sample interfaces for GD devices [9]. Non-conducting samples can be ablated by
a laser, and the vaporized samples can be introduced into a hollow cathode glow
discharge device. On the other hand, alternative gas glow discharge devices are
developed where Ne and mixtures of gases such as Ar-Ne and Ne-He (10, 11]
are used to modify the ionization characteristics and background spectral

features of glow discharge devices.

Mass spectrometry is now firmly established as a major technique for
elemental analysis, and the ICP-MS implementation should be regarded merely
as the beginning. Beyond ICPs and GDs, new and different ion sources for
elemental MS are sure to be developed. Electrospray mass spectrometry (ES-
MS) is a new ionization technique for the determination of solution species. Both
molecular and metal ion clusters generated by ES have been studied. It is clear
that ES-MS has the potential to evolve into a generic ion source for elemental MS.
Ion-trap mass spectrometry may also prove to be a viable system. The
combination of laser ablation-ion-trap MS is a potentially powerful technique for

elemental analysis [12].

Finally, elemental speciation of inorganic and organic environmental
samples with plasma mass spectrometry [13] is an area which comprises a major
portion of my immediate research interests. Elemental speciation is defined as
identification and quantitation of the chemical forms of an element, including
metals and nonmetals. These chemical forms can be the oxidation state of an

inorganic form or the metal associated with different ligands in the inner and
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outer coordination spheres; it can also depend on the type and number of
substituents of organometallic compounds. From a risk assessment perspective,
it is no longer sufficient to quantitate the total elemental content of samples to
define toxicity. Thus elemental speciation offers a continuing challenge for the
analytical chemist. Both inductively coupled plasmas (ICPs) and microwave-
induced plasmas (MIPs) are useful as ion sources for MS and easily utilized as
ion detectors after coupling with various types of separation procedures. The
ICP mass spectrometer and/or MIP mass spectrometer can be coupled with GC,
LC, Supercritical Fluid Chromatography (SFC), Capillary Electrophoresis (CE) or
even Flow Injection Analysis (FIA) to determine different chemical forms of an
element in environmental or bio-inorganic samples. Efficient interface methods
need to be considered and studied. The sample can be directly introduced into
an ICP source with a specific nebulizer after separation or even use of an
electrospray interface to couple CE-MS where one end of the electrophoretic
capillary functions as an electrospray source [14]. With these developments,
mass spectrometric techniques conceivably will provide the dominant methods

for elemental analysis by the beginning of the next century.
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